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Abstract 
 
An experimental investigation was performed to study and examine the effect of cavity depth 
and yaw angle on heat transfer inside a rectangular cavity with a heated bottom floor in a 
subsonic turbulent flow.  The cavity was characterized using acoustic, thermal liquid crystals, 
thermocouples, and input power measurements.  The measurements are presented for seven yaw 
angles ranging from 0° to 90° in 15° increments for three cavity depths.  The experimental data 
was compared to published acoustic and heat transfer data. 
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1 
 
1 Introduction 
The presence of a cavity in a surface bounding flow produces a significant effect on the flow.  
Large changes in local pressure, velocity, density, heat transfer, and drag can cause 
instrumentation damage, structural failure, and decreased system performance.  Consequentially, 
this flow condition is of particular interest to the aerospace, automotive, electronic and computer 
industries.  The aerospace and automotive industries are under increasing pressure to produce 
more reliable, efficient, comfortable, and quiet vehicles.  Concurrently, the increase in the 
amount and importance of on-board electronics is creating a need for more efficient thermal 
management.  The electronic and computer industries are also experiencing a need for greater 
thermal management as they are continually developing smaller and more powerful devices.  
Cavities may be present in all these areas by design, such as landing gear well on aircraft or 
engine compartments on automobiles.  Alternatively, cavities may occur unintentionally as a 
result of component placement and orientation as seen on computer motherboards where 
components such as memory chips located close together form cavity like structures.  As a result, 
increased knowledge of cavity flow effects on thermal management may provide significant 
insight on future designs in several industries. 
While cavity flows are very complex, much has been learned about the fluid mechanical and 
acoustical properties in and around rectangular cavities by past experimental and numerical 
studies.  However, there is still more to learn and explain about the nature of the flow.  
In general, subsonic cavities can be divided into three configurations [1].  The first configuration 
is referred to as an open cavity. In an open cavity the boundary layer separates at the upstream 
corner, creating a separated shear layer that spans over the streamwise length of the cavity and 
reattaches at the downstream corner.  In subsonic flows, this configuration is typically present 
when the length to depth (L/D) ratio is less than 6 to 8.  The second configuration is called a 
closed cavity, and is characterized by a boundary layer that separates at the upstream corner and 
extends inside the cavity where it reattaches on the cavity floor.  The shear layer then separates 
again near the downstream cavity wall and reattaches at the downstream lip of the cavity.  This 
configuration is usually present in cavities with an L/D ratio’s greater than 9 to 15.  The third and 
final configuration of cavity flow is referred to as a transitional cavity flow.  Transitional flows 
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separate from the upstream cavity lip and extend into to the cavity but do not reattach on the 
cavity floor before exiting the cavity and reattaching on the downstream lip.  The transition 
points between the three regimes are highly dependent on the geometry and orientation of the 
cavity, as well as the properties of the fluid flow (e.g. Reynolds number).  However, the ranges 
given above are good estimates for the cavity flow regimes. 
 
Figure 1 : 2D Diagrams of Cavity Configurations 
 
Sinha et al. [2] presented experimental results for laminar separating flowers over cavities for 
varying aspect ratio and Reynolds numbers.  It was observed that the separation and 
reattachment of the flow is primarily influenced by the L/D ratio.  Tani et al. [3] further 
characterized cavities based on the depth-width ratio into deep and shallow cavities.  The 
transition between deep and shallow cavities occurred around the L/D ratio of 1.43.  In deep 
cavities or grooves, the separated flow passed over the span smoothly and the pressure drag 
experienced was small; the converse was true of the shallow cavities.  Except for steps of very 
small heights, L/D ratio greater than 4, the character of the approaching boundary layer flow, 
laminar or turbulent, made no essential difference.  However, Rossiter [4] defined shallow 
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cavities as L/D ratios greater than 4 and shallow cavities as L/D ratios less than 4.  This 
experiment will refer to Tani et al. classifications. 
Additionally, cavity flow fields contain a mixture of unsteady flow regimes which may include 
unstable shear layers that shed vortices in coherent patterns, pressure waves, and resident 
vortices oriented in the spanwise direction.  The shear layer location and generation of self-
sustaining oscillations are determined by a complex flow pattern that appears to be dependent 
upon the shape of the cavity, Mach number, Reynolds number, and the turbulence characteristics 
of the approaching boundary layer [5]. As a result of these complex interactions the flow 
conditions inside and outside the cavity are affected.  Self-sustaining oscillations that are found 
inside cavities have been grouped as follows [6]: 
1) Oscillations are grouped as fluid dynamic where they arise from combined effect of shear 
layer instability amplification and the feedback of downstream disturbances. 
2) Oscillations are grouped as fluid resonant if the flow oscillations are influenced by and 
coupled to the standing acoustic waves within the cavity. 
3) Oscillations are grouped as fluid elastic when non-linear interactions between vortex 
shedding and acoustic wave phenomena induce oscillations in the solid boundary walls of 
the cavity  
The frequency and sound pressure levels of these oscillations have been shown to vary with an 
L/D ratio from 1.47 to 8.73, with relative sound pressure level (RSPL) showing an increase of 
approximately 60% over this range [7].  The effect of depth on the cavity flow oscillations shows 
a loss of energy in the cavity when the D/L ratio is between 0.5 and 2.1, and coincides with an 
increase in shear and boundary layer energy. For a D/L ratio between 2.1 and 2.35 the cavity 
begins to acquire more energy from the shear layer [8].  The effect of varying width in an L/W 
aspect ratio shows that the number of dominate frequencies increases from two to three as the 
width decreases, which is attributed to be acoustically driven oscillation [9].  
Additionally, the study of cavity flow has not been limited to changes in cavity aspect ratios but 
also has included variants of the angle of orientation to the oncoming flow.  The early work on 
this topic reported on the effects of yaw angles between 0° and 30° immersed in a laminar 
boundary layer, which suggested a nonlinear correlation between the tonal frequencies and yaw 
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angle [10].  A later study found that in the case of a low speed turbulent boundary layer over a 
deep cavity for yaw angles between 0° and 70° with a planform L/W aspect ratio greater than 8, 
the strongest oscillations occurred at approximately 60° [11].  It was also found that for a cavity 
with a width to length ratio of 2, large variation in drag and lift coefficients with changes in yaw, 
the influence of cavity yaw, and the depth of cavity had significant effect on the mean pressure 
field [12].  Work on cavities with an W/L ratio of 4.9 and different L/D ratios between 1 and 3 
immersed in a turbulent boundary layer suggested a physical feedback mechanism that may help 
to describe the aerodynamic and aeroacoustic instability [13] [9].  In an investigation of turbulent 
flow over a cavity with the W/L ratio of 2 and an L/D ratio from 0.476 to 2 with the yaw angled 
varied from 0° to 90°, it was found that three dominant peaks occur in three ranges corresponding 
to the fluid dynamic, depth acoustic and cavity acoustic modes.  Additionally, the RSPL within 
the cavity increased under two conditions; first, as the depth was reduced and second, when yaw 
angle was at 60° [14]. 
Early approaches to the study of laminar flow over cavities assumed that the heat transfer was 
completely governed by the shear layer [15], but this does not account for the effect of flow 
reattachment.  An experimental study of the heat transfer and pressure distributions from a 
heated bottom surface of a rectangular cavity performed by Yamamoto et al. [16] for both 
laminar and turbulent flows with aspect ratios from 0 to 1 (D/L) found several mean Nusselt 
correlations for Reynolds numbers and aspect ratios as shown in Figure 2. 
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Figure 2 : Variation of Mean Nusselt Number with Reynolds Number [16] 
 
Haugen et al. [17] performed experimental investigations of heat transfer in subsonic turbulent 
flows over rectangular cavities with variable oncoming boundary layer thickness and depth-
length ratios.  The cavity had front, bottom, and back walls held at both constant temperature and 
constant heat flux.  The results showed that heat transfer rates are primarily affected by the 
cavity aspect ratio and only moderately affected by the approaching flow’s boundary layer 
thickness.   
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d  
Figure 3 : Correlation of average Stanton Number to ratio of Boundary Layer and Cavity Width (ReL = 3.3e4 to 1.3e6) 
[17] 
Mesalhy, et al [18] studied the effect of changing the cavity aspect ratio and Reynolds number on 
the heat transfer over shallow cavities with constant heat flux from the bottom surface.  The 
results showed that the cavity flow type, closed or open, was the key parameter that determined 
the heat transfer process, since the vortices formed inside the cavity could make an insulation 
effect to the heat transfer from the cavity floor.  Mesalhy et al found that the average Nusselt 
number increased as the aspect ratio (L/D) increased up to 10 but with no considerable changes 
beyond this value.  The effect of changing Reyonlds number on the heat transfer process for 
higher aspect ratio cavities was affected mainly by the impingement of the mean flow with the 
cavity floor.   
Richards, et al [19] investigated the effect of Reynolds number and aspect ratio (L/D) on the heat 
transfer in deep 3-dimensional cavities with a heated bottom surface.  Richards observed a 
correlation for Nusselt number based on calculated cavity velocity and cavity height as the 
characteristic dimension for turbulent shown in: 
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𝑁𝑢̅̅ ̅̅ 𝐷 = 0.0255𝑅𝑒𝐷
∗ 0.8 
2.5𝑥104 < 𝑅𝑒𝐷
∗ < 1.2𝑥105 
1 ≤
𝐷
𝐿
≤ 4 
Pr~0.71 
δ/L=10-2 
Eq. 1 
 
 
Seban and Fox [20] [21] [22] using cavities with heated side and bottom walls in turbulent cross 
flows found the average heat transfer to scale as: 
 𝑁𝑢̅̅ ̅̅ 𝐿~𝑅𝑒𝐿
0.8 Eq. 2 
 
The ranges of free-stream Reynold numbers and cavity aspect ratios investigated were similar to 
those studied by Richards [19], although the boundary layer thickness was three times smaller.  
The data from Fox [20] followed the same slope as the results from Richards but were of 
different magnitude, likely due to the differences in cavity flow and heating.  The data from 
Yamamoto [16], Haugen [17], Meshlhy [18], Richards [19], and Fox [20] are shown in Figure 4. 
 
Figure 4 : Comparison of Measured Average Heat Transfer Results [16] [17] [19] [20] 
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The goal of the current study is to provide insight into the effect of yaw angle on heat transfer in 
a heated bottom surface of a cavity held at constant temperature with turbulent air flow condition 
for the purpose of optimizing heat transfer. 
 
.  
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2 Facility 
The current project was conducted using the open jet, acoustically treated test section wind 
tunnel provided by Engineering & Scientific Innovations, Inc. located in Cincinnati, Ohio.  
Turbulence generators were installed upstream of the cavity to produce more turbulent 
conditions as the flow approached the cavity.  The cavity was placed in the center of a turntable 
and was located downstream of the inlet constant area section in the tunnel test section. A 
detailed description of individual components is included in the following sections. 
 
2.1 Wind Tunnel 
The wind tunnel tests were conducted using the Open Jet Acoustic Test Section tunnel (OJATS) 
located on site at Engineering & Scientific Innovations, Inc. in Cincinnati, Ohio.  The OJATS, 
from inlet to outlet, consisted of a 3:1 inlet contraction section, a 0.9144m by 0.9144m constant 
area section, an open jet acoustically dampened section, a 1.524m by 1.524m constant area 
section, and the fan array.  The OJATS drew the air flow through the inlet section, which 
contained a bell mouth opening and a 2.54 cm thick honeycomb that acted as a flow conditioner, 
minimizing turbulent eddies drawn in from the laboratory.  The corners in the contraction section 
of the inlet were filled with filets, which decreased in size as the inlet became smaller to reduce 
the turbulence generated in the corners. 
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Figure 5 : Diagram of Open Jet Acoustic Test Section Tunnel at Engineering & Scientific Innovations, Inc.  
 
Figure 5 shows a cross section cut away of the OJATS to show the inlet, constant area sections, 
open jet acoustic test section, and the fan array section.  Additional details for the open jet 
acoustic test section and fan array are provided in the following sections. 
 
2.1.1 Test Section 
The interior dimensions of the main test section of the OJATS were 6.7056m by 3.7338m by 
3.5052m in the XYZ directions respectively.  In subsonic flow, sound waves are able to reflect 
off hard surfaces and propagate upstream of the flow.  These propagating sound waves cause an 
increase in the disturbances in the flow field that are not intrinsic to the geometry of the test 
section.  To reduce the effects of these acoustic reflections, the walls of the test section were 
insulated and interior surfaces were covered with acoustic dampening material to absorb the 
reflection of sound waves. The acoustic treatment of the test section allowed the OJATS to 
operate between 34 dB with no air flow up to 74 dB at speeds in excess of 25 m/s. 
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Inside the test section was an X Z gantry structure that covered an area of 6.1976m by 2.9337m, 
respectively, and was 3.1242m from the floor of the test section for the mounting of test 
elements, electronics, probes, and other required test apparati.  The gantry structure was placed 
outside the flow of the air jet to minimized vibrations.   
2.1.2 Fan Array 
The OJATS was a suction type wind tunnel using up to six high efficiency, low noise fans 
operating in parallel to draw in laboratory air through the tunnel and exhausting back into the 
laboratory.  The fan arrangement is shown in Figure 5(note: blades are not depicted accurately, 
but fan location in tunnel is accurate).  The fan array consisted of six EBM Papst Centrifugal 
fans capable of 10,000 cfm at 2.802 mmHg.  The fans operated at a maximum of 1250 rpm and 
each fan had six backward curved blades.  Combined, the fan array had the capacity to provide 
up to 55,000 cfm of airflow under continuous operation.  The fan array was controlled through a 
built-in motor control on each individual fan by a digital DC power source that provided 
controlled voltage levels from 1V to 10V (10 to 100% of max power, respectively).  Figure 6 
shows a close up of one of the six fans before installation into the fan housing unit in the wind 
tunnel.  The housing unit directed the air flow upward and back into the laboratory. 
 
Figure 6 : Image of a Single Fan Used in OJATS 
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2.1.3 Turbulence Generators 
Turbulence generators were installed upstream of the test section inside the constant area section 
to induce high turbulence levels at the cavity.  The turbulence generators covered an area of 
0.9114m by 0.381m, had a maximum height of 3.05cm, and were located 130.175cm upstream 
from the center of the cavity.  The turbulence generators were comprised of 283 modular 
interconnecting blocks that individually measured 3.18cm by 1.77cm by 0.95cm (L x W x H) 
with eight cylinders of 0.484cm by 0.15mm (D by H). 
 
Figure 7 : Turbulence Generators Installed in Constant Area Section 
 
2.2 Cavity 
The rectangular cavity was mounted into a turntable located at the exit of the constant area 
section. The cavity dimensions were chosen to minimize the occurrence of three-dimensionality 
of the flow in the cavity at the initial position of the cavity at 0°, where the major axis is 
perpendicular to the flow.  The length (L) of the cavity was 7.62cm and the width (W) was 76.2 
cm creating a W/L ratio of 10.  The bottom wall of the cavity was adjustable and allowed for the 
L/D ratio to be varied with from a depth of 0cm (flush with surface) to 7.62cm.  The cavity side 
walls were made from polycarbonate sheets with thickness of 1.5875cm. 
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Figure 8 :  Diagram of Cavity and Turntable at 45° 
 
The turntable was 91.44cm by 91.44cm by 41.38cm in the XYZ directions, respectively.  The 
upper and lower decks of the turntable were separated by a distance of 38.10cm to allow access 
to and placement of instrumentation and equipment below the top deck and inside the cavity.  
The upper deck of the turntable was comprised of a 1.5875cm Oriented Strand Board (OSB) 
covered with a 0.1016cm thick laminate board for smoothness.  The OSB had a cut out of 
28.575cm by 79.375cm and the laminate board had a cut out of 7.62cm by 76.2cm.  The cavity 
was inserted into the top deck flush with the bottom of the laminate board.  The turntable was 
marked in fifteen degree increments from 0° to 90°. 
 
The cavity bottom walls were made from a 6061 aluminum bar.  The pressure oscillation 
characterization used an aluminum bar with three holes drilled for the placement of microphones 
at 1/4L, 1/2L, and 3/4L along the width midpoint to analyze the frequency and magnitude of the 
pressure oscillations.   
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Figure 9 : Diagram of Microphone Placement on Cavity Bottom 
 
The bottom cavity for the thermal analysis had five thermocouples embedded from the back side 
to just below the top surface of the bar along the width centerline at locations of 1/6L, 1/3L, 
1/2L, 2/3L, and 5/6L and the length center line at 1/4W and 3/4W, as shown in Figure 10.  
Below the thermocouple embedded plate was an AC heater of 7.62cm by 76.2cm.  The heater 
had a power density of 16.129 Watts/cm
2
 and had a wire wound heating element that was 
encased in silicone rubber fiberglass insulation. 
 
 
Figure 10 : Diagram of Thermocouple Placement on Heated Bottom 
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3 Instrumentation 
This section presents the description and specifications of all the instrumentation utilized in the 
current study.  This section is divided into three subsections, one for each type of measurement 
conducted.  The three subsections are: Air Flow Measurement, Unsteady Pressure Measurement, 
and Thermal Measurement.  The flow measurement section provides detail on the 
instrumentation employed to measure the airflow properties using a well validated hot-wire 
probe method. The unsteady pressure measurement section describes the process of measuring 
the frequency content of the cavity airflow utilizing acoustic sensitive pressure transducers. 
Finally, the thermal measurement section details the methodologies employed in the qualitative 
and quantitative temperature measurement of the plate. 
 
3.1 Air Flow Measurement 
Air flow velocity was acquired using hot-wire probes connected to a constant temperature 
anemometry (CTA) system.  CTA was specifically selected to achieve the high spatial and 
temporal resolution required for calculation of the airflow turbulence.  While other flow 
measurement techniques such as Particle Image Velocimetry (PIV) and Laser Doppler 
Anemometry (LDA) were available, neither technique can match the high spatial or temporal 
resolution of CTA.  In order to correct for changes in the flow temperature, temperature 
measurements were taken by a 1.1 mm bare bead type K thermocouple placed near the CTA 
probe. Both the thermocouple and the probe were mounted to appropriate supports attached to 
three-axis traverse system.  The CTA probe and thermocouple were recorded simultaneously, 
providing the necessary information for temperature correction of the CTA data. The following 
subsections provide complete details of all the equipment employed for the measurement of the 
flow velocity and turbulence levels.  
3.1.1 Constant Temperature Anemometry System 
Constant temperature anemometry was chosen to acquire velocity, turbulence, and boundary 
layer information because of the system’s ability to sample the high spatial and temporal 
resolution required for calculation of the turbulence intensity and boundary layer profile.  In 
order to correct for changes in fluid temperature, temperature measurements were taken by a 40 
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gauge bare bead thermocouple placed near the CTA probe.  The CTA probe and thermocouple 
were recorded simultaneously by the data acquisition system. 
The CTA system consisted of an independent anemometry channel made up of a Dantec 
Dynamics Model 55M01 CTA main unit, a Dantec Model 55M01 standard bridge, and a 5 meter 
cable compensation circuit.  The 55M01 main unit included all circuitry for operating an 
anemometer: amplifier, filter, decade resistance, adjustment of probe resistance, and over heat 
values.  A standard bridge mounted in the unit included a cable compensation unit configured for 
low resistance coaxial cables from the length of four meters up to twenty meters.  The unit 
provided the measurement, compensation and signal conditioning required for individual CTA 
probes. [23] 
 
Figure 11 : Front Panel of the Model 55M10 main unit [23] 
 
3.1.2 Hot-wire Probes 
A single-sensor, straight hot-wire probe was chosen as the CTA probe.  The probe (Figure 12) 
was fabricated by welding a 5 µm tungsten wire sensor with a length of 1.2 mm between two 
gold prongs.  The gold prongs were bent in the arrangement shown in Figure 12 and were 
tapered toward the wire sensor to minimize interference effects.  An epoxy filled, ceramic coated 
body provided proper isolation of the two gold prongs. 
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Figure 12 : Close up of a Single-Sensor, Straight Hot-Wire Probe [24] 
The hot-wire probes were connected to Dantec 55P11 single-sensor cylindrical supports to 
provide the hot-wire prongs with the ability to interface with the anemometer and provide 
structural support to hold the hot-wire probes in place.  In low subsonic airflow velocities, 
interference effects from objects located in the airflow are able to propagate upstream. To limit 
the upstream propagation from the support structure of the probe, the hot-wire sensors were 
extended at greater distance than the upstream propagation of the interference (Refer to Figure 
13 for schematic diagram of hot-wire probe and support structures).  The average air flow 
properties adjust to downstream obstacles approximately 2-5 characteristic lengths heights 
(largest cross sectional dimension of the obstruction) upstream of the obstacle.  In addition to the 
mean airflow properties, the turbulence properties can affect flow measurements upstream at a 
distance between 8-10 characteristic lengths heights upstream [24]. Therefore, the hot-wire 
sensor was installed at least 10 characteristic lengths upstream of any support structure to 
minimize interference effects caused by the intrusive measurement  
 
 
Figure 13 : Diagram of Hot-Wire Sensor Support Structure and Guide Tube [24] 
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3.1.3 Thermocouple Probe 
The Constant Temperature Anemometry measurement technique relies upon convective heat 
transfer.  To account and correct for any fluctuations in the flow temperature, flow field 
temperature measurements were acquired using a small diameter, bare k-type thermocouple in 
addition to the CTA measurements.  The thermocouple was installed near the CTA probe.  The 
thermocouple data was used for temperature correction of the CTA data.  Therefore, it was 
necessary for the temperature data to be captured simultaneous with the CTA probe data.  Both 
the thermocouple and hot-wire probe were mounted to appropriate supports which allowed for 
proper placement of the probes while minimizing any interference with the flow. 
 
Figure 14 : Hot-Wire Probe with Attached Thermocouple [23] 
 
3.1.4 Hot-wire Probe Position System 
A three axis micro-stepping traverse system was used to maneuver the CTA probes to measure 
velocity profiles across the entire entrance to the open jet test section, as well as boundary layer 
flows along the floor of the test section leading up to the cavity.  The traverse system was 
capable of positions within +/-0.02 mm in the X, Y, and Z directions.  The system consisted of 
three individual micro-stepping motors connected to three lead screws arranged perpendicularly.  
Position control was regulated through the LabVIEW hot-wire data acquisition program, which 
provided automated control of the probe location. 
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3.1.5 A/D Digitization and Acquisition System 
Hot-wire anemometry, thermocouple, and microphone measurements were sampled utilizing 
Engineering & Scientific Innovations’ analog to digital conversion and data acquisition system.  
The primary component of this system was a National Instruments model PCI-6133 8-channel, 
14 bit, simultaneous digitization and acquisition board configured with 32 mega-samples of on-
board memory.  The PCI-6133 board was capable of simultaneously digitizing and acquiring up 
to 8 analog channels at a maximum rate of 3 MHz per channel.  Input voltage ranges of +/-10V, 
+/-5V, +/-2.5V, and +/-1.25V could be chosen and were selectable by channel.  The PCI-3166 
board was installed in a personal computer which was controlled using a custom designed Lab-
View acquisition software program.  The PCI-6133 board was connected to a National 
Instruments model BNC-2110 shielded connector block. The BNC-2110 block redirected coaxial 
analog inputs from instrumentation into the appropriate input pin arrangement for the PCI-6133 
board. 
 
3.1.6 Hot-wire Probe Calibration 
Each CTA probe was calibrated daily using a TSI Model 1125 flow calibrator.  The calibrator 
shown in Figure 15 used a compressed air source to create an adjustable, steady, low turbulence 
circular jet with a diameter of 6.4 mm.  Adjustment of the exiting jet airspeed was facilitated 
using the valves shown in (Figure 15).  Static pressure ports were installed in a large plenum 
(relative to the nozzle diameter) which was located directly upstream of the nozzle.  Since the 
static pressure at the nozzle exit is equal to the static laboratory pressure, the jet airflow speed 
could be measured using Bernoulli’s principle along with measurement of the differential 
pressure at the nozzle exit. 
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Figure 15 : TSI Flow Calibrator [23] 
 
This differential pressure measurement was carried out by connecting the TSI calibrator pressure 
port to a modified Baratron Model 220CA-00010A2B pressure transducer. The Baratron 
pressure transducer was configured for a maximum input differential pressure of 2.18 mm Hg 
pressure with a 0-10V output, which corresponded to a velocity range of approximately 0 – 20 
m/s. With an output resolution of 0.01% full scale and an overall accuracy of 0.15%, this 
transducer provided an accuracy of less than 0.02 m/s, which was therefore acceptable for 
calibration purposes. 
 
3.1.7 Pitot - Static Tube 
A pitot-static probe was installed in the constant area section of the OJATS to monitor the 
average airspeed entering the test section.  The probe was aligned with the incoming flow and 
was connected to a Furness Controls Low Pressure Transducer FCO40 calibrated pressure 
transducer circuit.  The pressure transducer also had a small internal pressure cavity volume for 
fast response to pressure variations.  The pitot-static probe (shown in Figure 16) provided wind 
speed feedback to the tunnel operator to ensure consistent testing conditions. In addition to 
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providing instant feedback, the pitot-static probe measurement was also recorded during each 
test and provided U∞ values.  Pitot probe location relative to test set-up is shown in Section 4, 
Figure 24. 
 
Figure 16 : a) Pressure Transducer and Modulating System   b) Pitot Static Probe 
 
3.2 Unsteady Pressure Measurement 
Unsteady pressure measurements were made to characterize cavity pressure oscillations prior to 
temperature measurements by use of four omni-directional condenser microphones.  Microphone 
A was immersed in the boundary layer upstream of the cavity.  Microphones B, C, and D were 
embedded into the floor of the cavity.  Microphone B was the furthest upstream of the three 
cavity microphones at 90°. 
 
3.2.1 Omni-Directional Condenser Microphone 
A condenser microphone typically consists of a charged diaphragm stretched over an opening of 
a cavity, one side of which is a capacitor.  When sound vibrates the diaphragm, the distance 
between the charged surfaces will change, resulting in a voltage change in the output from the 
microphone.  Project Unlimited Model ROM-2238P-NF-R omnidirectional microphones were 
used to obtain the pressure oscillation measurements.  The dimensions of the microphones were 
5.8mm in diameter and 2.2mm in height.  The range of the microphone had a sensitivity of -
38dB ±3dB from 30Hz to 16 kHz.  Each microphone frequency response was calibrated in an 
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insulated enclosure using a pulse generator connected to two speakers to cover the range of 30Hz 
to 14kHz, shown in Section 6.2.  
 
 
Figure 17 : Project Unlimited Model ROM-2238P-NF-R 
 
3.3 Thermal Measurement 
Both qualitative and quantitative thermal measurements of the cavity floor were taken during the 
experiment.  The qualitative measurements of the plate temperature were made using thermal 
liquid crystals (TLC) which change in color from black to blue showing the visible spectrum in 
between based on the temperature of the TLC and the preselected bandwidth of 58°C to 82°C.  
The quantitative measurement of the plate was made by type K thermocouples embedded to just 
below the surface of the heated aluminum plate.  To record the duration of the heater being 
active, an ammeter was used to determine when the AC heater was drawing current, and a 
voltmeter was used to measure the voltage. 
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3.3.1 Thermocouple 
The qualitative measurements of the plate temperature were made using 40 gauge bare bead K 
type thermocouples.  The K type thermocouples consisted of a 10% nickel 90% chromium wire 
and a 95% nickel 5% aluminum and silicon wire.  The small gauge and location of the 
thermocouples allowed for quick response to changes in temperature of the top plate surface.  
Thermocouple data was sampled at a frequency of 1 kHz for a period of two minutes.  All 
thermocouple signals passed through Analog Devices’ Monolithic Thermocouple Amplifiers 
with Cold Junction Compensation Model AD595C.  The amplifiers had a calibration accuracy of 
±1°C, an operating temperature range from -55 to 125 °C, and a gain error of ±0.75.  The 
thermocouples had an accuracy of ±1.1°C.  Additionally, readings were taken with an Omega 
HH506RA hand held thermocouple reader to verify the computer temperature readings. The 
HH506RA had an accuracy of 0.05% times the reading plus 0.3°C.   
 
Figure 18 : 40 gauge K type Thermocouple 
 
3.3.2 Thermal Liquid Crystals  
Thermal liquid crystals are a class of materials that reflect specific colors at specific 
temperatures.  As the crystals are heated the TLC molecules change length and orientation as 
they transition from a fully crystalline state to a fully liquid state.  As the TLC material is heated 
different wavelengths of light are absorbed and reflected as the material passes through the liquid 
crystal state.  The TLC material itself is micro-encapsulated inside a microscopic sphere which 
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allows for the TLC material to be affixed to a surface and prevents the TLC material from 
flowing when heated to the fully liquid state.  The TLC material is transparent when in the fully 
crystalline or fully liquid states.  Since the liquid crystals will transmit incident light the 
aluminum plate is painted black to better view the TLC coloring.  The bandwidth of the TLC 
material for the current study is 58°C to 82 °C. 
 
Figure 19 : TLC ST58-82 Temperature Color Spectrum 
 
The TLC visualization was recorded with a Nikon D5300 camera, which had 24.2 million pixels 
and an AF-S Nikkor DX 18-55mm lens.  
3.3.3 Temperature Controller 
A temperature controller uses a temperature sensing device (thermocouple, RTD, thermistor) to 
monitor the temperature of an object.  When the temperature drops below the set point 
temperature, the controller will send out a signal to a relay switch to turn the heater on.  An 
Omega Series CN300 Solid State Digital Temperature Controller was used to control the heater 
output to maintain a constant plate temperature.  The CN300 was capable of a 1 °C resolution 
and is configured for ON/OFF mode.  The CN300 used a K Type 40 gauge thermocouple to 
monitor the temperature of the heater.  A 24VDC relay was connected to the CN300 output 
which when closed allowed 120VAC power to be transmitted to the heater. 
25 
 
 
Figure 20 : Heater Control Circuit Diagram 
 
3.3.4 Ammeter 
An ammeter was attached around one of the lead wires leading from the temperature controlling 
unit to the heating element.  The non-invasive ammeter was a split core current transformer and 
had a maximum load current of 30A.  The split core current transformer utilized the Hall Effect 
to step down the load current to a more easily measured sensing current in the milliamp range.  
The sensing current was connected to a shunt resister which allowed for a voltage reading to be 
made from the circuit.  The ammeter indicated when the heater is active to allow for the 
calculation of the power input into cavity throughout the entire test to be determined.  The 
voltage was measured with a voltmeter at the source.  With the measured voltage and current 
power can be obtained using Eq. 3. 
 Power (Watts)x = V ∙ I Eq. 3 
26 
 
 
Figure 21 : Split-Core Current Transformer Model: SCT-013-030 
 
 
Figure 22 : Split-Core Current Transformer Circuit Diagram 
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4 Experimental Strategy 
The experimental testing performed for this experiment is separated into three areas of interest: 
Airflow Documentation, Unsteady Pressure/Acoustic Measurements, and Thermal 
Measurements.  The Airflow Documentation consists of thermal anemometry measurements, 
Acoustic Pressure Measurements consists of condenser microphone analysis, and Thermal 
Measurements uses both thermocouples and thermal liquid crystals to provide quantitative and 
qualitative measurements.   
 
The experiment was performed on a modified tunnel floor, 91.44cm long x 91.44cm wide, 
extending from the exit of the tunnel inlet constant area section into the acoustically treated 
portion of the OJATS.  The center of the cavity opening was located 45.72cm downstream of the 
constant area section exit.  The cavity was 7.62cm long and 76.2cm wide with a variable depth 
from 0 cm (flush with surface) to 7.62cm.  Additionally, the cavity could be rotated at yaw 
angles from perpendicular, 0°, to parallel, 90°, with respect to the direction of the incoming air 
flow.  The cavity L/W (length to width) ratio was chosen to minimize the three-dimensional 
effects of the cavity flow in the initial position at 0° yaw.  Turbulence generators were placed 
130.175cm upstream of the center of the cavity in the constant area inlet section to trip the 
boundary layer and ensure uniform turbulence across the test section.  The experiment was 
performed at a freestream velocity of 8.3 m/s, with the heating element set to maintain an 80 °C 
± 1°C.  These conditions corresponded to a freestream Mach number of M = 0.025. 
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Figure 23 : Diagram of Test Set-up at 0° 
 
The subsequent sections describe in further detail the testing conditions for each of the 
measurement techniques.  Pressure and thermal measurements were taken from 0° to 90° in 15° 
increments at depths of 0, 2.54, 5.09, and 7.62 cm, corresponding to L/D of no cavity, 3, 1.5, and 
1, respectively.  Further measurements were taken at angles near flow impingement on the cavity 
floor. 
 
Figure 24 : Upstream View of Test Set-up 
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4.1 Airflow Documentation 
Airflow documentation was taken using the Constant Temperature Anemometry system with the 
probe attached to a three dimensional traverse which was mounted on guide rails inside the 
acoustic wind tunnel downstream of the test fixture.  Baseline tunnel airflow documentation of 
the exit of the inlet constant area section was performed with two hotwire probes separated by 
7.62cm in the Z axis. Measurements from the two probes were recorded simultaneously.  Shear 
layer measurements were performed with a single hot-wire probe angled downward 15° from 
horizontal. 
 
4.1.1 Baseline Tunnel Airflow Documentation 
The baseline tunnel airflow documentation was performed using multiple 2D traverses across the 
exit of the inlet constant area section.  All data was recorded at 10 kHz for 10 seconds to ensure 
all flow field fluctuations were resolved for each location.  The inlet constant area section (91.44 
cm by 91.44 cm) traverse was documented by two CTA probes across a course grid of the entire 
inlet section exit at 3.81 cm increments in the Y and Z directions. A finer mesh was conducted 
with increments of 0.635 cm the Y and Z directions for Z locations between 0.635 cm and 
7.62cm. 
 
Figure 25 : Inlet Exit Traverse Meshes 
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The meshes were repeated with the turbulence generator installed in the inlet constant area 
section 84.455 cm upstream of the exit.  The turbulence generator was installed in the constant 
area section to trip the boundary layer and produce flow disturbances creating a turbulent 
boundary layer, minimizing effects due to minor changes in the flow characteristics.  The 
turbulence generator measured 91.44 cm by 38.1 cm and contained modular interlocking bricks 
arranged to induce turbulent mixing of the flow (see Figure 7). 
 
4.1.2 Wall Bounded and Free Shear Layer Characterization 
In addition to the baseline air flow documentation of the inlet, shear layer characterizations were 
performed to determine the wall bounded shear (boundary) layer profile leading up to the cavity 
and the free shear layer characterization at the cavity.  To properly resolve the boundary and free 
shear layers, CTA measurements were taken with a fine mesh (0.25mm spacing between data 
points).  A specially designed hot-wire probe sting arm with a 15° downward angle was attached 
to the 3D traverse to permit the probe to be positioned in close proximity to the test section floor. 
The boundary layer traverses were taken at 44.45cm upstream of the cavity step (inside of the 
inlet constant area section), 20.96cm from the edge of the cavity (halfway between cavity step 
and exit of inlet), and at 2.54cm upstream of the cavity edge at  the centerline and ±19.05cm 
from in the Y direction.  The shear layer measurements were taken -3.81cm from the cavity step 
(X axis) and at centerline (0 cm on Y axis) with the turntable at 0° for all L/D ratios. The cavity 
was then rotated to both 45° and 90° and the traverse was repeated.  The boundary layer profiles 
were taken at 0.25mm from the surface to 15mm in 0.25mm increments and from 15.5mm to 
90mm in 0.5mm increments.  The free shear layer traverses were taken from -6mm (Z axis) 
below the cavity edge up to 15mm in 0.25mm increments, and then in 0.5mm increments up to 
90mm above the cavity plane.   
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Figure 26 : Hot-Wire Sting Arm for Shear Layer Traverses 
Boundary layer profiles were taken with and without turbulence generators installed in the 
constant area section of the tunnel.  Shear layer profiles were only acquired with the turbulence 
generators installed.  The CTA probe was calibrated before and after each test with the probe at 
the 15° angle relative to the air flow and all data was taken for 10 seconds at 10 kHz.  All CTA 
data was analyzed using the calculations provided in Section 5 in Excel. 
 
4.2 Unsteady Pressure Measurements 
The frequency responses of the microphones were calibrated over the frequency range from 
30Hz to 14 kHz.  The frequency response calibrations were performed in a static environment 
created by placing the microphone through a hole in a sound dampened box opposite of a hole 
made for the speaker driven by a pulse generator.  By adjusting the frequency output of the pulse 
generator the frequency response of each microphone over the calibration range was recorded.  A 
Fourier Transform was applied to the recorded signals to determine the magnitude of the 
frequency response over the range of frequencies.  The microphone frequency response (shown 
in Section 6.2) was compared to the frequency response of the pulse generator’s input signal to 
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determine if changes in the microphones’ frequency response were driven by the microphones’ 
characteristics or by those of the pulse generator.  
 
Four microphones were placed in the test fixture. Microphone A was placed upstream of the 
turntable portion of the test fixture and remained in a stationary position throughout the 
experiment and was utilized in parallel with the temperature measurements.  Microphones B, C, 
and D were placed in the unheated cavity floor plate.  The microphones were zeroed for use 
inside the OJATS by first recording ambient noises with the tunnel in the off position to resolve 
any line noise in the microphone signal recordings.  Secondly, the tunnel fans were powered and 
another sample was taken to resolve any line noise in the microphone signal recordings caused 
by the fans being energized. Thirdly, airspeed was set to 8.3 m/s with the microphones covered 
to resolve any vibrational noise cause by the tunnels operation.  All calibration signals were 
analyzed for dominate frequencies and subsequently removed from later analysis in which the 
microphones were exposed to airflow. 
 
Figure 27 : Microphone Placement on Turntable at 0° 
The test matrix consisting of adjustments to cavity yaw and L/D ratio, as shown in Table 1, was 
performed with microphones to record unsteady pressure fluctuations.  Steady state conditions 
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were obtained after every change in the test configuration.  All microphone pressure data was 
taken concurrently at 50 kHz for 30 seconds. 
 
 
Yaw Angle 
0° 15° 30° 45° 60° 75° 90° 
L/D 
Ratio 
No Cavity Test 1 Test 2 Test 3 Test 4 Test 5 Test 6 Test 7 
3 Test 14 Test 13 Test 12 Test 11 Test 10 Test 9 Test 8 
1.5 Test 15 Test 16 Test 17 Test 18 Test 19 Test 20 Test 21 
1 Test 28 Test 27 Test 26 Test 25 Test 24 Test 23 Test 22 
 
Table 1 : Test Matrix 
For varying yaw, the length of the cavity oriented with the streamwise direction changed with 
yaw angle.  The effective streamwise cavity length (L’) and L’/D ratio for all angles is shown in 
Table 2: 
 
Table 2 : Effective L (L’) / D Ratio 
 
Generally, L’/D ratios that are less than 6 to 8 are considered open cavities and ratios greater 
than 9 to 15 are closed cavities [1], and the L’/D ratios that are less than 1.43 are deep cavities 
and greater than 1.43 are shallow cavities [3]. 
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4.3 Temperature Measurements 
Quantitative temperature measurements were performed with seven thermocouples embedded in 
an aluminum plate of 0.625 cm thickness. The plate temperature was allowed to reach steady 
state before measurements were acquired.  The temperature of the plate was maintained by a 
temperature controller which monitored the center of the plate. The temperature controller was 
connected to the heating element and was configured for an ON/OFF heating cycle.  Each 
measurement was taken in conjunction with an ammeter allowing for the period of the heating 
cycle to be determined for each test configuration.  The timing of the cycle qualitative 
measurements were performed with a coating of TLC applied to the heated plate and a camera 
placed above the cavity to take pictures of the color distribution. 
 
4.3.1 Quantitative Measurements 
To measure the heat loss distribution across the 0.625 cm thick aluminum plate, seven 40 gauge 
K type thermocouples were embedded to just below the top surface of the plate.  An eighth 40 
gauge K type thermocouple was used by the temperature controller to maintain a constant 
temperature on the bottom surface of the heated aluminum plate.  The heated aluminum plate 
baseline documentation was performed at the four different L/D ratios and zero airspeed.  Each 
measurement was taken after the plate had reached steady state conditions.  The time duration of 
the heater being active was recorded by the ammeter that was attached to a power lead of the 
heater and allowed for the energy input to the plate over the course of the test to be determined.  
After the baseline cases in no airflow, the yaw baseline cases were performed with no cavity and 
with airflow speed of 8.3 m/s from 0° to 90° in increments of 15°.  Upon completion of the 
baseline of the heated plate, the test matrix shown in Table 1 was performed.   
 
4.3.2 Qualitative Measurements 
Additionally, the test matrix was repeated with a layer of thermal liquid crystals (TLC) on the 
top surface of the heated aluminum plate.  The Nikon D5300 was installed on the gantry 
perpendicular to the cavity and could be remotely triggered so that images of the cavity floor 
with the TLC coating could be recorded when the cavity has reached steady state (Figure 28).  
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The thermal conductivity and other thermal properties of the TLC are not known and therefore 
were not applied during the quantitative thermal testing. A correlation can be determined by 
comparing the thermocouple data with the still images of the TLC coating.  From this correlation 
the temperature gradients of the heated surface and be interpolated to the non-TLC cases. 
 
 
Figure 28 : Diagram of Camera Position in Tunnel 
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5 Data Analysis 
The subsequent sections contain the equations and methodologies used to analyze the recorded 
data.  This section is subdivided into five parts, which group similar characteristics together.  
Section 5.1 describes the basic CTA velocity measurement procedure and temperature correction 
methodology, which is the basis from which all other flow properties are derived.  The shear 
layer property calculations are provided in Section 5.2.  The turbulence properties and methods 
for calculation are presented in Section 5.3.  Section 5.4 describes the methodology for the 
unsteady pressure measurement frequency analysis.  Finally, Section 5.5 details the calculations 
and methodology of the thermal measurements of the heated plate. 
 
5.1 Velocity Measurement and Correction 
Constant temperature anemometry (CTA) was used to measure airflow velocity and to determine 
airflow turbulence. The principle of CTA is to measure the change in the resistance of a heated 
wire that is the result of convective heat transfer normal to the wire.  These hot-wire probe 
diameters were small enough to ensure the Reynolds number based on the wire diameter is 
encompassed in the laminar flow region.  The convective heat transfer across a cylinder has been 
well documented and can be directly related to the flow velocity normal to the hot-wire sensing 
element.  As mentioned in Section 3.1.1, the CTA unit provided all required signal conditioning.  
The CTA unit outputted an analog voltage signal directly related to the normal airflow over the 
hot-wire through the modified equation of Collis and Williams [25], which states that a linear 
relationship exists between the square of the CTA output voltage and the airflow velocity raised 
to some power n.  
 𝐸2 = 𝐴 + 𝐵 ∙ 𝑈𝑛 Eq. 4 
In Eq. 4, E is the CTA output voltage, U is the airflow velocity, and A, B, n are constants 
determined through calibration.  The calibration constants were determined by measuring a low 
turbulence jet aligned with the hot-wire, such that the calibrator jet mimicked the experimental 
airflow over the hot-wire, and was adjusted for 10 discrete speeds across a desired calibration 
range (for this experiment the range was 0.5 – 10 m/s).  An iterative software program was used 
to compare the time average velocity values to the square of the CTA voltage for various n-
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values.  This program selected the n-value which provided the best linear fit to the experimental 
data with a slope of B and an offset of A.  Calibration of each hot-wire probe was performed for 
each day of testing. 
 
Since the operational principle of the CTA measurements is the convective heat transfer over a 
heated cylinder, any deviation of the measured airflow temperature from the temperature of the 
calibration airflow stream will result in a bias in the output voltage that is not the result of a 
change in airflow velocity.  Therefore, the CTA output voltage requires correction for 
temperature variations which were conducted using  
 
𝐄corrx = E ∙ (
TW − Tcal
TW − Ta
)
0.5(1±m)
 Eq. 5 
Where Ecorr is the corrected voltage, E is the uncorrected CTA output voltage, Tw is the 
temperature of the hotwire, Tcal is the temperature of the calibration jet, T∞ is the temperature of 
the acquired airflow, and m is the temperature loading factor.  A loading factor of m = 0.25 was 
chosen for the current study, which is typical for single sensor CTA hotwire probes.  A complete 
list of details on the calibration and hotwire correction methodology are provided by the hot-wire 
manufactures publication listed in reference [26]. 
 
All CTA time series data were recorded in an uncorrected state during data acquisition. Post-
processing was then applied for temperature correction on a point-by-point basis using 
simultaneously recorded airflow temperature, uncorrected CTA voltage time series and Eq. 5.  
This produced a new times series of corrected CTA voltage values.  The corrected CTA voltage 
time series was then used to compute a corrected instantaneous velocity time series for each data 
point using Eq. 4. 
 
5.2 Shear Layer Properties 
This section presents shear layer properties for both the wall bounded shear layer (boundary 
layer) and the free shear layer upstream of the cavity step at 0°.  All calculated quantities 
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presented in the subsequent sections were derived from the temperature corrected CTA velocity 
measurements. 
 
5.2.1 Boundary Layer Thickness (99%) 
Boundary layer thickness, δ, is the position from the wall where the flow velocity has reached 
the free stream velocity.  The 99% boundary layer thickness defines this as the point where the 
boundary layer flow reaches 99% of the local time averaged freestream velocity, U∞. Although 
this thickness represents the location which divides the boundary and freestream layers, a large 
level of ambiguity exits in the determination of this value as a result of the asymptotic nature of 
the velocity profile at the edge of the boundary layer. 
 
 
Figure 29 : Diagram of Boundary Layer Velocity Profile 
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5.2.2 Displacement Thickness 
The displacement thickness represents the location at which the external potential flow is 
displaced due to the effect of friction near the wall [24].  The definition of the displacement 
thickness is as follows: 
 δ∗ = ∫ (1 −
u
U∞
) dy Eq. 6 
Where u is the local time averaged velocity measured at a distance of y above the wall, and U∞ is 
the freestream velocity. The integration in Eq. 6 was calculated numerically by applying the 
trapezoidal rule to the corrected time averaged velocity time series. 
 
5.2.3 Momentum Thickness 
The momentum thickness is the loss of momentum in the flow due to the boundary flow 
condition. Momentum thickness is determined by using Eq. 7, provided below, and the 
integrations were once again calculated numerically y applying the trapezoidal rule to the 
corrected time averaged velocity time series. 
 θ = ∫
u
U∞
∗ (1 −
u
U∞
) dy Eq. 7 
Where u is the local time-averaged velocity measured at y from above the wall, and U∞ is the 
freestream velocity. 
 
5.2.4 Shape Factor 
Shape factor, H, is used to determine the nature of the flow and provide insight into the physical 
shape of the boundary layer. Shape factor is defined as the ratio between the displacement 
thickness, δ*, and momentum thickness, θ: 
 H =
δ∗
θ
 Eq. 8 
For a fully turbulent boundary layer the shape factor should be on the order of 1.4. 
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5.2.5 Inner Law Variables 
Non-dimensional inner law variables, u
+
 and y
+
, were used to plot the velocity profiles so that a 
better understanding and analysis of the boundary layer development could be obtained.  The 
variables are defined as: 
 u+ =
u
u∗
 Eq. 9 
 y+ =  
yu∗
ν
 Eq. 10 
Where u the local time averaged velocity measured at y, u* is the wall friction velocity, and ν is 
the kinematic viscosity.  Both u and y can be measured and the kinematic viscosity is a property 
of the fluid which can be calculated.  The wall-friction velocity is defined as: 
 𝑢∗ = √
𝜏𝐰
𝜌
 Eq. 11 
Where ρ is the fluid density and τw is the shear stress at the wall.  Unfortunately, the direct 
measurement of shear stress at the wall can be problematic to acquire accurately.  Therefore, the 
calculation of u* is performed by using the skin friction coefficient (cf) to solve for the wall 
shear stress as shown below: 
  τ𝐰 =  
ρU∞
2 cf
2
 Eq. 12 
 
Substituting Eq. 12 into Eq. 11 then produces Eq. 13: 
 u∗ = U∞√
cf
2
 Eq. 13 
 
The unknown skin friction coefficient value can be approximated using the method presented by 
Clauser [27].  This method substitutes Eq. 13 into the universal law of the wall and is rearranged 
so as to produce Eq. 14 
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u
U∞
=
5.6 log (Rey√
cf
2
) + K
√
2
cf
 Eq. 14 
The K in Eq. 14 is a constant attributed to the surface roughness and both u and U∞ are 
experimentally known values.  The ratio 
u
U∞
 is plotted against Reynolds number based on the y 
position above the floor and is defined as:  
 Rey =
yU∞
ν
 Eq. 15 
A linear region should exist as long as the measurements were acquired within sufficient 
proximity to the floor.  The skin friction coefficient is determined by fitting the linear region of 
the experimental data with Eq. 14, and solving for cf.  
 
5.3 Turbulence Quantities 
This section describes the calculation methodology for all turbulence quantities presented in the 
results.  This section is further divided into three subsections, each providing a description of a 
single calculated quantity.  All calculated quantities presented in the following subsections are 
derived from the CTA velocity measurements after post-processed temperature correction was 
completed.  
5.3.1 Reynolds Decomposition 
Reynolds decomposition breaks down the instantaneous velocity ũ of a turbulent flow into 
fluctuating and mean components as shown in Eq. 16: 
 ũ = u′ + u Eq. 16 
where the fluctuating velocity, u’, rides along the local time averaged velocity, u.  This 
decomposition can be observed in Figure 30, which diagrammatically depicts a time trace of the 
instantaneous velocity (solid black line).  The dashed line in Figure 30 represents the time 
average of the velocity time signal (u), while the fluctuating velocity (u’) is shown as the 
difference between the instantaneous (ũ) and mean (u) velocities. 
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Figure 30 : Diagram of Instantaneous Velocity Time Trace [24] 
The CTA probe responded to the instantaneous velocity. Therefore, each value in the corrected 
velocity time series represents an instantaneous velocity.  Using Eq. 16, a time series containing 
only the fluctuating velocity component was computed by subtracting the time average mean of 
the velocity time series from each instantaneous velocity value. 
 
5.3.2 Turbulence Intensity 
The turbulence intensity (TI) provides a means of determining the level of fluctuation contained 
in the measured airflow.  All TI values were calculated using Eq. 17:  
 
TI =
Urms
U∞
 Eq. 17 
where the rms of the corrected velocity time series was normalized by the local freestream 
velocity, U∞.  Using Reynolds decomposition, the rms velocity can be defined in a physical sense 
as the positive definite average of the fluctuating velocity time series shown in Eq. 18: 
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 urms = √
1
N
∑(ũi − u)2
N
i=1
= √
1
N
∑(u′)2
N
i=1
 Eq. 18 
It is important to note the differences between u and U∞.  The local time average velocity 
measured at a specified XY location is denoted by u, while U∞ is the local freestream time 
averaged velocity. 
5.3.3 Turbulent Kinetic Energy 
A measure of the turbulent kinetic energy (TKE) provides insight into the total amount of 
turbulent energy contained in the flow at the measured location.  Since the turbulence is truly 
three dimensional, an exact measurement of the TKE requires velocity data from all three 
directional velocity vector components.  However, TKE can be approximated by assuming 
isotropic flow of the small scales.  That is, the fluctuations in all directions are equal to that 
measured for the streamwise component.  Under this assumption, the TKE was estimated using 
Eq. 19: 
 
TKE ≈
3
2
urms
2  Eq. 19 
5.3.4 Kolmogorov Turbulence 
Large scale turbulent eddies are created by surface irregularities, such as turbulence generators, 
and then break down into smaller scale turbulent eddies of higher frequency as propagation 
downstream occurs.  These smaller scale eddies are affected more by viscous forces and the 
turbulent energy dissipates at a faster rate.  As a result, higher frequencies generally have less 
energy than lower frequencies.  This energy loss can be approximated by a power law: 
 𝑀𝑎𝑔 = 𝑎 ∙ 𝑓−
5
3 Eq. 20 
 
Where a is an offset, Mag is magnitude of the signal and f is the frequency.  The FFT and power 
law are plotted on a log – log format. 
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5.4 Unsteady Pressure Measurement 
All microphone transducers were sampled at 50 kHz for 10 seconds and analyzed using Fast 
Fourier Transform (FFT).  The data from this analysis is resolved over a frequency range from 0 
Hz to 20 kHz , with the output being in the form of an energy spectrum E(f).  To determine the 
effect of cavity depth and yaw angle on the flow field, baseline cases were performed with no 
cavity at all yaw positions and a microphone upstream of the cavity were used to analyze cavity 
data. Additionally, expected cavity and test setup frequencies were identified.  The subsequent 
sections describe the calculations for the expected frequencies due to the cavity and test setup. 
 
5.4.1 Strouhal Number 
The formation and shedding of vortices from the upstream cavity step, at the beginning of the 
shear layer, occur at a defined rate.  These vortices are produced at a shedding frequency that can 
be calculated from characteristic parameters of the flow and impeding structure.  This oscillatory 
shedding expressed as the dimensionless Strouhal number, St, and is defined in Eq. 21: 
 𝑆𝑡 =
𝑓𝐷
𝑐
 Eq. 21 
 
Where f is the vortex shedding frequency, D is cavity depth, and c is speed of sound [28].   
Additionally, Strouhal number can also be expressed by using momentum thickness and 
freestream velocity as shown in Eq. 22,  
 𝑆𝑡𝜃 =
𝑓𝜃
𝑈∞
 Eq. 22 
If the frequency of the tone is fluid mechanically driven, then the Strouhal number is 
approximately 0.023 for a turbulent boundary layer [11].  
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5.4.2 Acoustic Modes 
Enclosed cavity theoretical frequencies are calculated for comparison with experimental data for 
the purpose of correlating high frequency range data.  For duct acoustics, the following 
calculation is applied to determine the frequencies of the test section and cavity:   
 𝑓 =
𝑐
2
√(
𝑛𝑥
𝐿
)
2
+ (
𝑛𝑦
𝑊
)
2
+ (
𝑛𝑧
𝐷
)
2
 Eq. 23 
Where nx, ny, and nz are independent integer values from 0, 1, 2, …, ∞, and c is the speed of 
sound in air (approximately, 343 m/s based on the conditions in the test section).   
In the present experiment, the cavity was opened to the air flow and the impedance of this free 
surface was zero. Therefore, the depth mode, nz, is dropped from the calculations. 
 
5.4.3 Blade Pass Frequency 
In addition to the acoustic modes, the blade pass frequency can influence the oscillations 
occurring in the test section.  This phenomenon is caused by the rotation of the fan blades at the 
blower inlet.  As each blade passes, it generates a pressure gradient that propagates upstream 
through the test section.  The frequency of this fluctuation is based on the rotational velocity of 
the blades.   
 𝑓𝐵 =
𝑛 ∙ 𝑡
60
 Eq. 24 
 
Where n is the rotation velocity (rpm), t is the number of blades. 
5.4.4 Relative Sound Pressure Level 
Relative sound pressure level (RSPL) is the time-averaged magnitude of the spectrum of a 
microphone (𝑝′2
𝑐𝑎𝑣
) divided by a reference value.  The reference value used in subsequent 
analysis is the time averaged magnitude spectrum (𝑝′2
𝑏𝑙
) of the upstream boundary layer 
microphone, Microphone A.  
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 𝑅𝑆𝑃𝐿 =  10 log10 (
𝑝′2
𝑐𝑎𝑣
𝑝′2
𝑏𝑙
) Eq. 25 
 
RSPL provides a comparison of the overall sound levels to a reference by showing whether a 
particular frequency mode is amplified at the expense of another mode or the total energy inside 
the cavity as shown by an increase RSPL.  
5.5 Thermal Measurements 
This section describes the processes and equations used in calculation of the thermal 
measurements.  The section is divided into two subsections, the first describing how raw analog 
thermocouple values are converted into usable physical value and the second section describing 
how the temperature values are applied to give insight into the heat transfer inside the cavity.   
 
5.5.1 Thermocouple  
The quantitative thermocouple measurement was acquired by the use of thermocouples 
embedded in the aluminum plate just below the exposed surface.  Thermocouples operate using 
the Seebeck Effect, or thermoelectric effect.  The Seebeck Effect states that any junctions with 
two dissimilar conductors will generate a unique net voltage when exposed to a unique 
temperature.  Since the thermocouple voltage passes through an amplifier prior to reaching the 
A/D acquisition system, the recorded measurements must have the amplification removed as 
shown in Eq. 26 : 
 𝑉𝑇𝑐 =
𝑉𝑎𝑚𝑝
247.3
– 0.000011 Eq. 26 
Where VThermocouple  is the thermocouple voltage and Vamp is the amplified thermocouple voltage.  
VThermocouple  is then operated on in an ninth order polynomial to correlate to temperature. 
 𝑇 = 𝑐0 + 𝑐1𝑉𝑇𝑐 + 𝑐2𝑉𝑇𝑐
2 + ⋯ + 𝑐𝑛𝑉𝑇𝑐
𝑛 Eq. 27 
Where T is the temperature in °C, VTc is voltage in mV and c# corresponds to polynomial 
constants shown in Table 3:  
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K Type Thermocouple 
Coefficients 0-500°C 
c0 0 
c1 2.21E+01 
c2 7.86E-02 
c3 -2.50E-01 
c4 8.31E-2 
c5 -1.23E-02 
c6 9.80E-04 
c7 -4.41E-05 
c8 1.06E-06 
c9 -1.05E-08 
 
Table 3 : Thermocouple Polynomial Constants [29] 
 
5.5.2 Nusselt Number 
The Nusselt number is a dimensionless number that is the ratio of convective to conductive in 
fluid heat transfer.  A larger Nusselt number indicates that dominance of convective heat 
transfer.  This generally indicates a higher rate of heat transfer from the cavity wall to the cavity 
fluid flow.  
 𝑁𝑢𝐿 =
ℎ𝐿
𝑘
 Eq. 28 
Where L is the characteristic length of the cavity length, k the thermal conductivity of the fluid, 
and h is the convective heat transfer coefficient of the fluid.  The heat transfer coefficient of the 
fluid is calculated as shown in Eq. 29: 
 ℎ =
𝑞
∆𝑇
 Eq. 29 
With q being the heat flux per unit area, and ΔT, for average Nusselt is Tf minus Ts.  Where Tf is: 
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 𝑇𝑓 =
𝑇𝑠 + 𝑇∞
2
 Eq. 30 
Substituting Eq. 29 into Eq. 28  allows for the Nusselt number to be calculated directly from the 
thermocouple and ammeter measurements: 
 𝑁𝑢𝐿̅̅ ̅̅ ̅ =
𝑞𝐿
𝑘 (𝑇𝑓 − 𝑇∞)
 Eq. 31 
For local Nusselt number calculations ΔT is equal to the surface temperature of the plate at that 
location: 
 𝑁𝑢𝐿 =
𝑞𝐿
𝑘 (𝑇𝑠 − 𝑇∞)
 Eq. 32 
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6 Results 
The results are presented in the following three subsections.  Air flow documentation is 
presented in the Section 6.1.  Section 6.2 details the results of the microphone unsteady pressure 
measurements of the cavity.  Section 6.3 presents the results from the thermal measurements of 
the cavity floor. 
 
6.1 Air Flow Documentation 
Velocity and turbulence intensity contours were performed at the exit of the 91.44cm x 91.44cm 
constant area section and are shown below. Also, the profiles and turbulence quantities for the 
boundary layer and the free shear layer are presented in the sections below.  
 
6.1.1 Baseline Tunnel Airflow Documentation 
Contours of the velocity and turbulent intensity measurements of the exit of the constant area 
inlet were performed with and without turbulence generators across the entire YZ plane (Figure 
31 and Figure 32) as well as a fine traverse of the lower 7.62 cm (Figure 33 and Figure 34).  As 
the flow nears the floor of the test apparatus, the freestream velocity decreases until y=0 where 
velocity is zero, while the turbulence intensity increases as the flow approaches the floor.  Since 
the turbulence generators were distributed across the width of the inlet their effect on the two-
dimensionality of the flow was expected to be minimal, as can be seen in Figure 34.   
The 76.2cm by 76.2cm core flow of the constant area inlet is ±5% of the average velocity, and a 
turbulence intensity of 0.61% ± 0.4%.  The average airflow velocity of this core region is 
8.41±0.42m/s. 
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Figure 31 : Velocity and TI Profile at Exit of Constant Area Inlet – No Turbulence Generators 
 
7
 
Figure 32 : Velocity and TI Profile at Exit of Constant Area Inlet - Turbulence Generators 
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The average TI of the lower 7.62cm of the inlet constant area section increased from 2.70% to 
6.28% with the addition of the turbulence generators.  The turbulence generators increased the 
average TI of the lower 3.8cm from 4.4% to 9.44%.  
 
 
Figure 33 : Velocity and TI Profile at Bottom of the Exit of Constant Area Inlet - No Turbulence Generators 
 
 
Figure 34 : Velocity and TI Profile at Bottom of the Exit of Constant Area Inlet - Turbulence Generators 
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6.1.2 Wall Bounded Shear Layer Characterization 
Centerline boundary layer profiles were acquired at 44.45cm, 20.96cm, and 2.54cm upstream of 
the cavity step.  Boundary layer profiles were also taken at ±19.05cm from centerline 2.54cm 
upstream of the step.  The non-dimensional profiles of velocity and turbulence are shown below 
in Figure 35 and Figure 36, respectively. 
The profiles shown below are typical of turbulent boundary layer profiles with the velocity 
decreasing as the flow approaches the floor and the turbulence intensity increases.  The two-
dimensionality of the air flow is clearly visible in the profiles taken 2.54cm upstream of the step 
in Figure 35 and Figure 36.  The relevant boundary layer quantities presented in Section 5.2 for 
all boundary layer profiles are provided in Table 4.  Based on the data in the table, the boundary 
layer is fully developed and turbulent at the step. 
x (cm) z (cm) 
U 
(m/s) 
TI∞ 
δ99 
(mm) 
δ* 
(mm) 
θ (mm) H cf 
u* 
(m/s) 
2.54 0 8.30 1.51% 84.5 11.690 8.723 1.340 0.0037 0.357 
2.54 -19.05 7.91 1.31% 79.5 11.020 8.176 1.348 0.0038 0.345 
2.54 19.05 8.08 1.44% 79.5 11.311 8.333 1.357 0.0040 0.361 
20.96 0 8.44 1.16% 84.0 11.464 8.446 1.357 0.0031 0.332 
44.45 0 8.06 0.90% 82.0 12.129 8.430 1.439 0.0030 0.312 
Table 4 : Boundary Layer Quantities 
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Figure 35 : Non-Dimensional Velocity Profiles Upstream of Cavity Step 
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Figure 36 : Turbulence Intensity Profiles Upstream of Cavity Step 
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The boundary layer velocity profiles were plotted using the inner law variables u
+
 and y
+
 in 
Figure 37 to allow for the comparison of the profile shapes to standard boundary layer profiles.  
The linear law of the wall region is included and was calculated using the skin friction velocity 
estimate as shown in Eq. 14.  Using a roughness factor of 4.2, the velocity fits the law of the wall 
for y
+
 values between approximately 70 and 700, thereby covering a decade, which is typical for 
a fully developed turbulent boundary layer.   
For a fully developed turbulent boundary layer over a flat plate with zero pressure gradient, the 
difference in u
+
 between the measured and calculated law of the wall functions should be on the 
order of at least Δu+ = 2.3.  A difference of 2.58 was measured and provides further indication 
that the boundary layer at the cavity step was fully developed and turbulent. 
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Figure 37 : Boundary Layer Profile 2.54cm Upstream of Step Plotted Using Inner-Law Variables 
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Figure 38 : Clauser Plot at 2.54cm from Cavity Step 
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6.1.3 Free Shear Layer Characterization 
The free shear layer velocity and turbulence profiles were acquired at the cavity center and 
traversed from -6mm to 90mm from the XZ plane.  The traverses were performed for L/D’s of 3, 
1.5, and 1 with the cavity oriented at 0°, 45°, and 90°.  For cavity L/D’s 1.5 and 1, velocity 
profiles for 0° and 45° are nearly identical, but should be noted that hot-wire anemometry does 
not indicate flow direction.  The turbulence intensity is highest at L/D of 3 and 45° (Figure 40), 
and overall a decrease in turbulence intensity with increase in cavity depth and increase of 
streamwise cross section. 
The energy spectrums of the hot-wire anemometry for L/D’s 3, 1.5, and 1 are shown in Figure 45 
through Figure 47. The figures show the spectrum for the vertical position on the shear layer 
traverse with the greatest turbulence intensity for yaw angle of 0°.  All three figures show the f
-5/3
 
and f
-1
 line and show good correlation the data and providing further evidence of fully developed 
turbulent airflow. 
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Figure 39 : Non-Dimensional Velocity Profile of Free Shear Layer at L/D : 3 
 
 
Figure 40 : Turbulence Intensity Profile of Free Shear Layer at L/D : 3 
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Figure 41 : Non-Dimensional Velocity Profile of Free Shear Layer at L/D : 1.5 
 
 
Figure 42 : Turbulence Intensity Profile of Free Shear Layer at L/D : 1.5 
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Figure 43 : Non-Dimensional Velocity Profile of Free Shear Layer at L/D : 1 
 
 
Figure 44 : Turbulence Intensity Profile of Free Shear Layer at L/D : 1 
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Figure 45 : Energy Spectrum at Maximum TI - L/D : 3 
 
Figure 46 : Energy Spectrum at Maximum TI - L/D : 1.5 
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Figure 47 : Energy Spectrum at Maximum TI - L/D : 1 
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6.2 Unsteady Pressure Measurements 
The calibrations of the microphones were performed from 30Hz to 14kHz and the calibrations 
for all microphones are shown below in Figure 48. Individual calibrations of the microphones 
can are shown in Appendix B.  The microphones all follow the same trends of increasing from 
30H to 100Hz and then decreasing until 1000 Hz, and the range from 2000Hz to 14kHz have a 
much smaller response than the lower frequencies.  Since only RSPL was being investigated and 
all microphones show similar trends across the frequency range of interest, the response of the 
microphones was deemed acceptable for this experiment. 
 
Figure 48 : Microphones Calibration 
 
6.2.1 Baseline Frequency Content  
Expected frequency content of the tunnel and experimental set-up is calculated by cavity 
acoustic modes (Eq. 23) as well as Strouhal number based on momentum thickness (Eq. 22) and 
cavity depth (Eq. 21).  Additionally, the blade pass frequency of the tunnel is examined for the 
tunnel operating at 8.3 m/s. 
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Table 5 shows the results of the acoustic duct resonance calculations for the test section of the 
wind tunnel.  From the table, the test section acoustic modes are expected to be below 200 Hz.  
For more details and the equation used for the calculations, please refer to Section 5.4.2. 
Table 5 : Test Section Resonant Acoustic Frequencies 
Frequency 
(Hz) 
𝒏𝒙 𝒏𝒚 𝒏𝒛 
25.6 1 0 0 
46.0 0 1 0 
49.0 0 0 1 
51.2 2 0 0 
52.6 1 1 0 
55.2 1 0 1 
67.1 0 1 1 
68.8 2 1 0 
70.8 2 0 1 
84.4 2 1 1 
91.9 0 2 0 
95.4 1 2 0 
97.9 0 0 2 
101.2 1 0 2 
104.1 0 2 1 
105.2 2 2 0 
107.2 1 2 1 
108.2 0 1 2 
110.5 2 0 2 
111.1 1 1 2 
116.0 2 2 1 
119.7 2 1 2 
134.3 0 2 2 
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136.7 1 2 2 
143.7 2 2 2 
 
In Table 6 the acoustic duct resonance is shown. Since the cavity was opened to the air flow and 
the impedance of this free surface was zero, the depth mode, nz, is dropped from the calculations.  
The cavity modes are expected to be between 200 and 5000 Hz.  For more details and the 
equation used for the calculations, please refer to Section 5.4.2. 
Table 6 : Cavity Resonant Acoustic Frequencies 
Frequency 
(Hz) 
𝒏𝒙 𝒏𝒚 
225.2 1 0 
450.4 2 0 
2252.0 0 1 
2263.2 1 1 
4509.6 1 2 
4526.4 2 2 
 
Table 7 and Table 8 show the expected frequencies calculated from momentum thickness and 
cavity depth.  Strouhal number, using the momentum thickness as the characteristic value, ranges 
from 22.0 Hz to 23.0 Hz as the flow approaches the cavity step.  The frequencies generated by 
shedding from a cavity step over the depths of this experiment should range from 104Hz to 
311Hz 
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Table 7 : Strouhal Number (Momentum Thickness) 
Stθ 
Distance 
from 
Step 
Frequency 
(Hz) 
2.54 22.1 
20.96 23.0 
44.45 22.0 
 
Table 8 : Strouhal Number (Cavity Depth) 
StD 
Frequency 
(Hz) 
7.62 cm 103.6 
5.08 cm 155.4 
2.54 cm 310.8 
 
Two blade pass frequencies were calculated using Eq. 24, since the tunnel was run with six fans 
during the documentation of the bounded and free shear layers and with only four fans during the 
pressure and temperature measurements.  There were observed pressure oscillations in tunnel 
operation with six fans, so four fans were used during subsequent tests.  Additionally, due to 
model differences between fans, two of the six fans operated at a slightly different speed.  In the 
six fan operation, four fans operated at 415 rpm and two at 550 rpm, with six blades each. This 
resulted in blade pass frequencies of 41.5 and 55 Hz, respectively.  The four fan operation 
operated at 584 rpm and produced a blade pass frequency of 58.4 Hz.  
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6.2.2 Frequency Content 
Baseline FFTs of the microphone signals were acquired so that the frequencies present in the 
instrumentation could be identified and explained when they appear in test results.  The first 
baseline was performed with the tunnel fans unpowered and microphones open to the test section 
(Figure 49).  The microphone signals show peaks at 10 kHz and 20 kHz, with Microphones C 
and A with the largest magnitudes. Additionally, all microphones had signal noise over the 
frequency ranges of 5 kHz to 15 kHz, with Microphone C showing the largest magnitudes 
(Figure 49).   
 
Figure 49 : Baseline Microphone Reading – Fans not Powered  L/D : 1 
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When the fans were powered and microphones were open to the test section without airflow 
(Figure 50) additional signal noise was introduced into the microphone signals across the entire 
spectrum.  The additional signal noise is most visible in the FFT of Microphone C.  Additionally, 
the 10 kHz and 20 kHz signals experience a slight reduction in magnitude for all microphones.   
 
Figure 50 : Baseline Microphone Reading - Fans Powered, No Airflow  L/D : 1 
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The signals for the microphones when isolated from airflow are shown in Figure 51.  The 
frequency content is further increased across the entire spectrum and is of larger magnitudes.  
Increases are observed in the frequencies below 300 Hz and will be discussed below.  From these 
baseline tests, peaks can be easily identified at 10 kHz and 20 kHz in all microphone readings.  
These peaks and frequencies can now be discounted from test data unless significant magnitude 
changes in the peaks are observed 
 
 
Figure 51 : Baseline Microphone Readings - Isolated from Airflow  L/D : 1 
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Shown below in Figure 52 through Figure 55 are the above baseline microphone tests for 0° and 
L/D of 1 showing the FFT for frequencies from 0 to 300 Hz.  When the fans were unpowered the 
peaks in the microphones occur at 3, 10, 18, and 60 Hz.  The peaks show the largest magnitudes 
in Microphones A and C, as shown in Figure 52. These frequencies are seen in subsequent tests, 
but the magnitudes vary.  These frequencies are due to the characteristics of the microphones and 
can be accounted for in other test configurations.  
 
Figure 52 : Baseline Microphone Readings - Fans Unpowered, No Airflow, L/D : 1 
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As shown in Figure 53, there was no significant change in frequency content when the fans were 
energized compared to when the fans did not have power.   
 
Figure 53 : Baseline Microphone Readings - Fans Powered, No Airflow, L/D : 1 
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When the microphones were isolated from airflow, as shown in Figure 54, they experienced an 
increase in frequency content primarily below 70 Hz with a peak at 3 Hz.  The upstream 
microphone, Microphone A, experienced the largest frequency content increase.  This large 
increase may be due to vibrations passing through the cover’s mounting bar.  The cavity 
microphones, B, C, and D, experienced an increase in frequency content below primarily 30 Hz, 
with an additional peak at 10 Hz.  The 3 and 10 Hz peaks were observed in the no airflow 
baseline measurements.  
 
Figure 54 : Baseline Microphone Readings - Isolated from Airflow, L/D : 1 
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As seen in Figure 55, the frequency content of the upstream boundary layer microphone, 
Microphone A, decreases when uncovered due to the removal of the mounting bar of the cover.  
The cavity microphones show similar frequency increases with peaks in the 3 Hz range.   
 
Figure 55 : Airflow, 0°, L/D : 1 
 
The cavity microphones did not record any dominant peak modes corresponding to Strouhal 
number or the tunnel and cavity acoustic modes.  Peaks of 2, 3, and 10 Hz are present in all 
microphones for this and subsequent cavity configurations.  The magnitudes of these frequencies 
do vary with changing cavity configuration, but no correlation is discernible. 
The high frequency content and lack of expected dominant peaks is possibly the result of the 
highly turbulent airflow created by the turbulence generators upstream of the cavity, since the 
hotwire anemometry signals shown in Figure 45 through Figure 47 also did not detect any 
dominant peaks in the shear layer above the cavity at L/D 1 at 0°.  
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Signal analysis of the microphones when exposed to the airflow showed that all dominant 
frequency peaks can be explained by the baseline microphone frequency analysis.  Additional 
increase in bandwidth noise across the microphones corresponds to tunnel and cavity modes with 
modal integers greater than 3, but yet again, no dominant frequencies are present in these ranges, 
as shown below in Figure 56.  Therefore, frequency analysis was focused on frequencies of 300 
Hz and below.  See Appendix B for all FFT graphs for all microphones tests.   
 
Figure 56 : Airflow, 0°, L/D : 1 
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6.2.3 Frequency Content  Function of Yaw 
The microphone FFT data for L/D=3 is shown below in Figure 59.  Microphone C, the cavity 
center, shows an increase in frequency content from 0° to 45° and then decreases with a sharp 
reduction in frequency content at 75° and 90°.  This is most likely due to the cavity being aligned 
with the flow to a sufficient degree to minimize flow separation from the step near the 
microphone and allowing the flow to reattach upstream of the microphone.  Microphone B, 
which rotated clockwise upstream, shows the largest band of frequency content and also 
experiences a reduction in frequency content at 75° and 90°, but maintains more than either 
Microphone C or D because it was closer to the cavity step as it aligns with the airflow.  
Microphone D, which rotated clockwise downstream, did not experience as much change in 
frequency content, but follows the trends shown by Microphones B and C.  The majority of 
frequency content for the cavity microphones occurs at 90 Hz and below. 
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Figure 57 : FFT of L/D : 3 
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The microphone FFT data for L/D=1.5 is shown below in Figure 58.  The frequency content for 
all microphones shows little variation from 0° to 30°.  The low frequency content of these angles 
shows a lower turbulence level in the cavity, indicating an open cavity configuration where the 
shear layer is spanning the opening and reattaching downstream.  At 45° the frequency content 
increases for all remaining angles, most noticeably in Microphone B.  This is most likely due to 
the cavity flow changing from an open cavity to either a transitional or a closed cavity near 
Microphone B.  The airflow around Microphones C and D becomes less turbulent as it 
approaches or the microphones are in a recirculation region where turbulence is lower.   
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Figure 58 : FFT of L/D : 1.5 
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The L/D = 1 microphone frequency content, shown in Figure 59, indicates that the cavity is open 
for yaw angles from 0° to 45°.  At 60° the microphones show an increase in frequency content as 
the cavity changes to a transitional or closed flow.  The frequency content further increases at 
75°, most noticeably in Microphone B where the reattachment is most likely occurring and then 
settles as the flow progresses downstream.  At 90° the frequency content in Microphone B 
decreases and Microphones C and D increase as the shear layer reattachment point moves 
downstream.   
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Figure 59 : FFT of L/D : 1 
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6.2.4 Relative Sound Pressure Levels  Function of Yaw 
As mentioned in Section 6.2.1, the demonstrated signal content of the microphones in cases of no 
airflow and FFT’s and RSPL’s are skewed at higher frequency ranges when signal noise is 
introduced.  When the RSPL analysis is limited to 300 Hz and lower, the cavity microphones’ 
RSPL provide more consistent readings in the no cavity configuration shown in Figure 60. 
Figure 60 to Figure 63 are the RSPL’s for the frequencies up to 300 Hz.  As shown in the L/D 
ratio of ∞ (no cavity), the microphones show minimal variation in RSPL levels across all angles.   
 
Figure 60 : L/D ∞ RSPL ≤ 300 Hz 
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Figure 61 : L/D : 3 RSPL ≤ 300 Hz 
 
Figure 61 shows the RSPL of the cavity with a length to depth ratio of 3 for frequencies less than 
and equal to 300Hz.  When the cavity was perpendicular to the flow direction the three cavity 
microphones show nearly identical RSPL’s.  The RSPL’s increase for all microphones at 45° 
indicates higher turbulence levels at this position.  The shallow depth of the cavity allows for the 
shear layer to impinge on the cavity floor upstream of Microphone B at 60°.  As the yaw angle 
was increased, the shear layer reattachment location moved further upstream of Microphone B, 
allowing for the larger turbulence structures to break down into higher frequency turbulence 
structures.  As a result, the RSPL decreased as the large turbulence structures broke down and 
generated structures beyond the frequency range of this analysis. 
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Figure 62 : L/D : 1.5 RSPL ≤ 300 Hz  
Figure 62 shows the RSPL of the cavity with a length to depth ratio of 1.5 for frequencies less 
than and equal to 300Hz.  At 0° the data from the different microphones shows little variation, 
indicating that the flow configuration is an open cavity.  At 15° the cavity microphones begin to 
diverge as Microphone B and D decrease and Microphone C increases.  Microphone B 
subsequently increases after 15° until 75° and the decreases when the yaw angle is change to 90°.  
Microphone C has a general increasing trend until 75° and then decreases at 90°.  Microphone 
D’s RSPL further decreases as the yaw angle is increased to 30° and then increases until 60° and 
then slightly decreases until the yaw angle of 90°.  The leveling of Microphone D RSPLs from 
60° to 90°, indicates a recirculation zone forming at the downstream all or the decay of 
turbulence structures beyond the frequency of this analysis.   
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Figure 63 : L/D : 1 RSPL ≤ 300 Hz 
 
Figure 63 shows the RSPL of the cavity with a length to depth ratio of 1 for frequencies less than 
and equal to 300Hz.  Microphone C shows minimal variation until after 45°, indicating a similar 
open cavity flow for those first four orientations.  Microphone D shows a slight decrease in 
levels up to 45° and increases in decibel levels after.  Microphone B shows an increase in RSPL 
until 75°.  This indicates that the shear layer impinges into the cavity but exits again before 
reaching the downstream microphones.  After 45°, the shear layer begins to affect the cavity air 
flow near Microphones C and D.  After 75°, Microphone B is upstream of the impingement and 
is encapsulated in a recirculation zone.  Microphone D remains at approximately the same 
decibel levels from 75° to 90°, which indicates that the cavity flow remains consistent in the 
location due to a recirculation region having already encapsulated Microphone D. 
87 
 
 
 
Table 9 : RSPL (dB) for Frequencies Under 300 Hz for all Configurations 
 
Shown above in Table 9 are the RSPL’s for Figure 60 through Figure 63.  For the no cavity configuration, all microphones are 
centered on 39.68 ±0.8 dB. Individually, Microphone B is 39.7 ± 0.6 dB, Microphone C is 40.0 ±0.3 dB, and Microphone D is 39.3 
±0.7 dB.  The standard deviations for Microphones B, C, and D with across all seven angles are 0.24 dB, 0.19 dB, and 0.46dB.  
Indicating a uniform RSPL measurements for the no cavity configuration for all angles. 
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For L/D ratio of 3, Microphone B increases 11% to reach the maximum at 60°, and then 
decreases a total of 7% as the angle is increased to 90°.  Microphone C increases 4% from 0° to 
60°, decreases 2% at 75° and then decreases an additional 3% at 90.  Microphone D decreases 
2% from 0° to 15° and increases 2% up to 45°.  A slight decrease of 0.5% occurs from 45° to 60 ° 
and 3% decrease to 75°.  From 75° to 90° a 0.6% decrease occurs. Standard deviation of each 
microphone across all angles is 1.63 dB, 0.70 dB, and 0.53 dB for Microphones B, C, and D, 
respectively. 
For L/D ratio of 1.5, Microphone B decreases 0.9% from 0° to 15°, increases 18% to reach the 
maximum at 75°, and then decreases 5% as the angle is increased to 90°.  Microphone C 
increases 10% from 0° to 75° and then decreases 3% to 90°.  Microphone D decreases 3% from 
0° to 30°and then increases 7% from 30° to 60°. The RSPL of Microphone D then decreases 
0.8% to 90°.  Standard deviation of each microphone across all angles is 2.67 dB, 1.31 dB, and 
0.92 dB for Microphones B, C, and D, respectively. 
For L/D ratio of 1, Microphone B increases 2% from 0° to 30°, further increases 17% to reach 
the maximum at 75°, and then decreases a total of 9% as the angle is increased to 90°.  
Microphone C RSPLS remains flat from 0° to 45° and then experiences a large increase of 8% at 
60°.  The from 45° to 75° the RSPL level increases a total of 11% and then decreases 1% when 
rotated to 90°.  Microphone D decreases 3% from 0° to 30° and increases a total of 4% as the 
angle is increased to 60°.  As the angle is increased form 60° to 75° a large increase of 7% is 
observed, which is followed by a slight decrease of 0.4% as the angle is increased to 90°.  
Standard deviation of each microphone across all angles is 2.70 dB, 1.84 dB, and 1.60 dB for 
Microphones B, C, and D, respectively. 
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6.3 Thermal Measurements 
The thermal measurements were performed using both quantitative and qualitative methods. All 
cavity depth and orientations were recorded for both methods.  The quantitative thermal 
measurements are presented in Section 6.3.1, and contain both temperature and energy data for 
the heated plate and the non-dimensional numbers that are determined from those values.  The 
qualitative thermal measurements are presented Section 6.3.2.  The qualitative thermal 
measurements include images of the thermal liquid crystal (TLC) coating on the heated plate. 
6.3.1 Quantitative Thermal Measurements 
All quantitative thermal measurements were taken after the plate had reached a steady state.  To 
ensure that the steady state was achieved, a minimum waiting period of thirty minutes was 
observed between cavity configuration changes.  If the minimum or maximum thermocouple 
temperature reading varied by more than 0.2°C between cycles, an additional fifteen minute 
waiting period was observed and the measurements were repeated. 
6.3.1.1 Temperature and Power Baseline 
Two temperature baselines were established to determine the characteristics of the heated plate.  
The first baseline is the heated plate under natural convection conditions (wind tunnel air speed 
is zero) for all cavity depths.  The second baseline is the no cavity configuration with the heated 
plate oriented across all angles under airflow.  From these two baselines, the effect of the 
cavity’s presence, depth, and orientation can determined. 
6.3.1.1.1 Baseline: Natural Convection  
  The natural convection case shows the temperature distribution of the heating element and 
provides a baseline temperature reading of the thermocouples.  As shown in Figure 64, the 
temperature variation across the plate is ±1.05°C for all depths.  For thermocouples 2 through 5 
the plate variation is ±0.37°C.  Thermocouple 1 and Thermocouple 7 are slightly lower in 
temperature due to extra heat loss from the edge effect.   
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Figure 64 : Maximum Plate Temperature - Natural Convection 
 
Figure 65 shows the ambient corrected plate surface temperatures, ΔT.  The plate temperature 
increases with increased depth.  The edge effects on Thermocouple 1 and Thermocouple 7 are 
still observable for all depths.  There is approximately a 4°C increase from no cavity to L/D = 1.  
The plate uniformity for no cavity and L/D ratios 3, 1.5, and 1 are ±0.73°C, ±0.89°C, ±0.69°C, 
and ±0.90°C, respectively.  
 
91 
 
 
Figure 65 : ΔT (Ts-T∞) - Natural Convection 
 
Table 10 shows the difference between each thermocouple location and the center thermocouple 
(Thermocouple 4) for each aspect ratio.  The difference between the edge thermocouples 
(Thermocouple 1 and Thermocouple 7) and the other thermocouples show that Thermocouple 1 
and Thermocouple 7 have a greater deviation from the center thermocouple.  
 
Table 10 : Temperature Difference from Center Thermocouple - Natural Convection 
 
Initial power usage was calculated by analyzing the timing of the heater cycle.  The ammeter 
signal was converted into a simple on/off square wave to analysis, and a representative sketch 
can be seen in Figure 66.  The heating cycle of the ammeter is broken down into the Cycle Time, 
TC 1 TC 2 TC 3 TC 4 TC 5 TC 6 TC 7
No Cavity -0.6 0.0 -0.1 0.0 0.0 -0.4 -1.7
L/D 1 -0.8 0.1 0.0 0.0 0.0 -0.1 -1.4
L/D 1.5 -0.7 0.0 -0.1 0.0 0.0 -0.3 -1.8
L/D 3 -0.8 -0.1 -0.2 0.0 0.0 -0.2 -1.4
Nat Conv
ΔT : TC# -TC4
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which is the total time for the heater to complete one On/Off cycle.  Cycle On is the amount of 
time the heater was actively heating the plate, and Cycle Off which is the amount of time the 
heater was off before beginning another On Cycle. 
   
 
Figure 66 : Sketch of Ammeter On/Off Cycle 
 
Shown below in Figure 67 is the energy input for the natural convection cases.  Table 11 also 
shows the energy input as well as the ambient temperature.  Due to the changing ambient 
temperature shown in Table 11, a correlation cannot be made.  The expected result of the 
baseline tests was a decrease in energy input as the L/D ratio decreases (increased cavity depth).  
Since the ambient temperature decreased as the L/D ratio decreased, the energy input required to 
maintain the set point temperature increased.  Despite the varying ambient temperature, the 
insulative properties of the cavity can still be observed.  The change from the no cavity 
configuration to the L/D ratio of 3 was 1.25% decrease in temperature but a 10.36% increase in 
energy input.  The change in temperature from L/D of 3 to L/D of 1.5 was a 5.71% decrease but 
only a 4.86% increase in energy input.  The difference between L/D’s of 1.5 and 1 was a 
decrease in temperature of 19.53% but only a 2.97% increase in the energy input. 
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Figure 67 : Energy Input - Natural Convection 
 
   
Table 11: Energy Input - Natural Convection 
Shown in Figure 68 are the ammeter signals for the natural convection cases.  The decrease in 
the off time of the cycle is noticeable as the L/D ratio decreases.  Table 12 shows the timing of 
the ammeter heating cycle.  
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Figure 68: Ammeter Signal - Natural Convection  
 
 
Table 12 : Average Heater Cycle Timing - Natural Convection 
  
Cycle (s) Off (s) On (s) T∞ (°C)
No Cavity 79.77 63.36 16.41 16.0
L/D 3 87.50 66.05 21.44 15.8
L/D 1.5 41.15 30.38 10.77 14.9
L/D 1 39.77 29.28 10.48 12.0
Natural 
Convection
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6.3.1.1.2 Baseline: No Cavity at Yaw 
Shown in Figure 69, are the figures for the thermocouple temperature readings of the heated 
plate in the no cavity configuration for all angles under airflow. 
As shown in the 0° case, all thermocouples are within ±0.5°C.  This indicates a uniform heating 
of the plate under airflow.  Thermocouple 3, which is 1.905cm upstream of Thermocouple 4, is 
0.7°C cooler than Thermocouple 4, and Thermocouple 5 is 0.1°C cooler than the center 
thermocouple, Thermocouple 4, which is the result of edge effects.  Thermocouple 1 and 
Thermocouple 2 are 0.1°C cooler and 0.3°C warmer than Thermocouple 4, respectively.  
Thermocouple 6 and Thermocouple 7 are 0.1°C warmer and 0.7°C cooler.  Thermocouple 1 and 
Thermocouple 7 lower due to edge effects of the cavity. 
At 15°, the plate uniformity is ±0.53°C across the entire plate.  As the plate is rotated further, the 
temperature deviation across the plate increases to ±0.76°C and ±0.97°C for angles 30° and 45°, 
respectively.  The airflow in these orientations does not significantly pass over the 
thermocouples that are further downstream.  Looking at Thermocouple 3, Thermocouple 4, and 
Thermocouple 5 in these orientations Thermocouple 3 is between 0.7°C and 0.4°C cooler than 
Thermocouple 4.  Thermocouple 5 is 0.1°C cooler at 15° and becomes 0.2°C warmer than 
Thermocouple 5 at 30° and 45°.  While Thermocouple 5 was expected to be warmer than 
Thermocouple 4, the discrepancy is likely due to edge effects off the plate and a small 
recirculation region due to a slight ridge where the turntable met the heated plate.   
At 60° the plate has a uniformity of ±1.36°C.  Here Thermocouple 1 distinctly has a lower 
temperature than the other thermocouples further downstream.  Thermocouple 3 is 0.4°C cooler 
than Thermocouple 4 and Thermocouple 5 is 0.1°C warmer than Thermocouple 4.  The indicates 
that as the major axis of the cavity floor is rotated parallel to the flow, the temperature 
differences observed between the thermocouples located at the center of the major axis are 
decreasing.  Resulting in a more uniform temperature profile at the center of the cavity. 
At 75°, the plate uniformity is ±2.16°C.  Thermocouple 1 is 3.9°C and Thermocouple 2 is 1.3°C 
cooler than Thermocouple 4. Thermocouple 3 and Thermocouple 5 are 0.3°C cooler and 0.1°C 
warmer than Thermocouple 4, indicating that the flow is becoming more uniformly heated as the 
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plate is rotated into the flow.  Thermocouple 6 is 0.4°C warmer than Thermocouple 4, and 
Thermocouple 7 0.8°C cooler than Thermocouple 4.   
At 90°, the plate uniformity becomes ±3.77°C.  The temperature gradient of the thermocouples 
clearly shows that the upstream thermocouples are cooler the downstream thermocouples.  The 
three centerline thermocouples, Thermocouples 3, 4, and 5 are nearly uniform with deviations 
from Thermocouple 4 of -0.2°C and 0.0°C for Thermocouple 3 and 5.  Thermocouple 6 and 
Thermocouple 7 show higher temperatures than the upstream thermocouples.  Thermocouple 7 is 
slightly less than Thermocouple 6 due to edge effects. 
Table 13 shows the difference in ΔT between each thermocouple and the center thermocouple, 
Thermocouple 4.   
 
Table 13 : Temperature Difference from Center Thermocouple - No Cavity 
 
 
Yaw Angle TC 1 TC 2 TC 3 TC 4 TC 5 TC 6 TC 7
0 -0.1 0.3 -0.7 0.0 -0.1 0.1 -0.7
15 -0.5 -0.3 -0.7 0.0 -0.1 0.4 -0.5
30 -1.2 -0.4 -0.4 0.0 0.2 0.4 -0.5
45 -1.7 -0.5 -0.4 0.0 0.2 0.2 -1.0
60 -2.5 -0.9 -0.4 0.0 0.1 0.2 -0.9
75 -3.9 -1.3 -0.3 0.0 0.1 0.4 -0.8
90 -6.2 -2.4 -0.2 0.0 0.0 1.3 0.8
No Cavity
ΔT : TC# -TC4
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Figure 69 : ΔT - No Cavity at Yaw 
  
98 
 
 
 
Figure 70 : ΔT - No Cavity at Yaw 
 
 
99 
 
Figure 71 shows the energy input for the no cavity configuration at yaw.  The no cavity 
configuration at the 0° yaw angle consumed 87.50kJ, decreasing to 86.48kJ at 15° yaw. At 30° 
the no cavity configuration reached its maximum energy input of 88.94kJ.  The energy input into 
the heater decreased an average of 5.41kJ every 15° to a minimum of 67.29kJ at 90°.  The 
decrease in energy input to the heater from the 30° to 90° is expected as more of the heated plate 
is rotated directly upstream of the set point thermocouple.  As the plate is rotated, more of the 
heated plate is in line with the airflow, so the energy lost from the upstream portions of the plate 
propagates downstream heating the downstream portions of the plate.  As a result, the energy 
requirements to maintain the set point temperature decreased 4.84kJ, 7.36 kJ, 4.17 kJ, and 5.28 
kJ for each 15° increase in yaw angle. 
 
 
Figure 71 : Energy Input - No Cavity 
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Shown in Table 14 is the heating cycle time for the heated plate in the no cavity configuration for 
all yaw angles.  This includes the total Cycle time, Cycle On where heater is energized, and the 
Cycle Off time when the heater was not active.  During the tests for 30° and 45° the ambient 
temperature decreased and this corresponds to an increase in the total Cycle On times.  The 
Cycle Off time steadily increases from the 0° position to the 90° position.  This indicates that the 
center of the plate was staying warmer for longer.  The increase in the Cycle Off time was 
expected as more of the heated plate was being rotated into position upstream of center of the 
cavity, causing the air to be heated as it traveled downstream to the area monitored by the set 
point thermocouple.   
 
Table 14 : Average Heat Cycle Timing - No Cavity 
 
Figure 72 shows the ammeter signal for the no cavity configuration with airflow baseline tests 
for all angles.  The figures provide a visual representation of Table 14, which is the average time 
of the full heating cycle of the plate.  A longer heating cycle time is not a good indication of 
whether or not the plate was experiencing more or less heat loss.  If the Cycle On time is long 
and the Cycle Off time is short, then the plate was experiencing significant heat loss that required 
the heater to remain on longer to reach the set point and then lost heat faster.  If the cavity was 
not experiencing high rates of energy removal the Cycle On time would be short and the Cycle 
Off time would be long, but could still result in an overall longer Cycle time than a high rate of 
heat transfer.  
Yaw 
Angle
Cycle (s) Off (s) On (s) T∞ (°C)
0 71.02 16.25 54.78 14.6
15 69.02 15.90 53.12 13.7
30 73.23 16.17 57.07 11.5
45 70.01 17.47 52.55 10.6
60 58.32 18.17 40.15 13.4
75 54.06 19.40 34.66 12.3
90 52.63 21.01 31.62 11.7
No Cavity
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Figure 72 : Ammeter Signal - No Cavity - All Angles 
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6.3.1.2 Heat Transfer Function of Yaw 
Figure 74 shows the ΔT of the heated plate for the configuration of L/D 3 for all angles.  Table 
15 shows the temperature difference between each thermocouple location and the center 
thermocouple (Thermocouple 4). 
 
 
Table 15 : Temperature Difference from Center Thermocouple - L/D : 3 
 
At 0° the thermocouples are within ±1.83°C across the plate.  Thermocouple 3 is warmer than 
Thermocouple 4 (0.3°C), and Thermocouple 5 is cooler than Thermocouple 4 (-0.7°C).  
Observed was an increase in of 3.6°C in the average ΔT for the plate.   
At 15°, the average ΔT of the plate only changes 0.1°C.  The temperature of Thermocouple 1 
decreases and the temperatures of Thermocouple 6 and Thermocouple 7 increase.  This indicates 
that the energy from the heated plate is traveling downstream to Thermocouple 6 and 
Thermocouple 7.  The Thermocouple 3 remains 0.3°C warmer than Thermocouple 4, and 
Thermocouple 5 is 0.6° cooler than Thermocouple 4.   
At 30°C the average ΔT of the plate is 62.1°C, a decrease of ~2°C from 0°C and 15°C positions.  
The temperature distribution of the plate was ±6.14°C.  The upstream thermocouples 
Thermocouple 1 and Thermocouple 2 show a lower temperature than the thermocouples located 
on the centerline of the major axis, where the set point thermocouple is located.  The downstream 
thermocouples, Thermocouple 6 and Thermocouple 7, remain nearly the same.  This indicates 
that there is a reattachment point upstream near, Thermocouple 1 and Thermocouple 2.  The 
Yaw Angle TC 1 TC 2 TC 3 TC 4 TC 5 TC 6 TC 7
0 3.0 0.8 0.3 0.0 -0.7 0.3 0.2
15 -1.0 -1.2 0.3 0.0 -0.6 2.9 5.1
30 -5.7 -2.8 0.4 0.0 -0.6 3.6 6.6
45 -7.6 -4.2 0.2 0.0 -0.5 4.6 7.5
60 -9.1 -4.9 0.1 0.0 -0.4 4.4 6.2
75 -9.3 -4.5 0.0 0.0 -0.1 3.4 3.7
90 -9.3 -4.3 -0.1 0.0 -0.1 2.6 1.6
L/D 3
ΔT : TC# -TC4
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energy that is dissipated from the upstream region is carried downstream keeping those 
thermocouples a higher temperature than the upstream thermocouples.  Thermocouple 3 is 0.4°C 
warmer and Thermocouple 5 is 0.5°C cooler than Thermocouple 4.  Thermocouple 6 and 
Thermocouple 7 continue to be heated by the plate upstream.   
At 45° the thermocouples show the same trend seen at 30°, with Thermocouple 1 and 
Thermocouple 2 being lower than the center and downstream thermocouples.  The 
average ΔT of the plate increased to 65.1°C, three degrees warmer than the previous 
angle and one degree warmer than the 0° and 15° positions.  The temperature distribution 
of the plate was ±7.56°C.  Additionally, Thermocouple 3 is only 0.3°C warmer and 
Thermocouple 5 0.5°C cooler than Thermocouple 4.   
At 60° the temperature distribution is similar to those seen at 30° and 45°.  The average ΔT of 
the plate was 64.5°C, a decrease of 0.6°C.  The plate temperature distribution was ±7.66°C 
across the plate.  Thermocouple 1 and Thermocouple 2 show a decrease in temperature of 1.6°C 
and 0.7°C, respectively.  The decrease in Thermocouple 1 indicates that the impingement point 
of the flow is moving upstream further away from Thermocouple 2.  Thermocouple 3 is only 
0.1°C than Thermocouple 4, and Thermocouple 5 is 0.4°C cooler.  The continued decrease in the 
differences between Thermocouple 3 and Thermocouple 5 with Thermocouple 4 indicates that 
the recirculation region caused by the upstream wall along the major axis of the cavity is 
shrinking.  The downstream thermocouples 6 and 7 show a slight decrease in temperature, 0.3°C 
and 1.4°C respectively.  This may indicate the heat transfer from this region increase slightly 
from 45°C.   
At 75°C the temperature profile of the plate continues to show Thermocouple 1 and 
Thermocouple 2 below the center of the cavity.  While Thermocouple 6 and Thermocouple 7 are 
still higher than the center of the cavity, Thermocouple 7 is approximately the same temperature 
as Thermocouple 6.  The average ΔT of the plate is 61.1°C, a decrease of 5.5°C from the yaw 
angle of 60°.  The thermocouples across the plate are within ±6.5°C.  Thermocouple 1 is 
approximately 4.9°C cooler than Thermocouple 2 indicating the impingement is closer to 
Thermocouple 1.  Thermocouple 3 shows the same temperature as Thermocouple 4, and 
Thermocouple 5 is 0.1°C cooler than Thermocouple 4.  This indicate a near uniform flow field as 
the airflow moves downstream.  Thermocouples 6 and 7 are ~3.4°C warmer than the center 
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thermocouples.  The close uniformity between Thermocouple 6 and Thermocouple 7 indicate 
that they are experiencing similar heat transfer rates, probably because they are in the same 
recirculation region. 
At 90° the temperature profile appears similar to that of 75°.  Thermocouple 1 is 5.1°C cooler 
than Thermocouple 2, which is in turn 4.1°C cooler than Thermocouple 4.  This indicates that the 
flow field is impinging into the cavity closest to Thermocouple 1 and is heated as the flow field 
continues downstream.  Thermocouple 3 and Thermocouple 5 are both 0.1°C cooler than 
Thermocouple 3.  This indicates a uniform flow at the cavity center and demonstrates slight edge 
effects on the heat loss.  Thermocouple 6 is 2.6°C warmer than Thermocouple 5 and 1°C warmer 
than Thermocouple 7.  This indicates that the recirculation region is cooling along the back wall 
sufficiently to reduce the temperature of Thermocouple 7.  
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Figure 73 : ΔT - L/D : 3 at Yaw 
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Figure 74 : ΔT - L/D : 3 at Yaw 
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Shown in Figure 76 is the temperature profile of the heated plate at L/D of 1.5 for all angles.  
Table 16 shows the temperature difference between each thermocouple location and the center 
thermocouple (Thermocouple 4) for all angles at L/D ratio 1.5.   
 
Table 16 : Temperature Difference from Center Thermocouple - L/D : 1.5 
 
At the yaw angle of 0°, the average ΔT of the plate is 63.5°C and the thermocouples are within 
±1.83°C across the plate.  Thermocouple 1 again is at a higher temperature than the other six 
thermocouples, indicating that the increase is likely due to a property of the test setup.   
At 15° the temperature profile of the heated plate has an average ΔT of 63.8°C, with a uniformity 
of ±1.88°C across the plate.  Thermocouple 1 decreases 3.6°C and is only 0.1°C cooler than 
Thermocouple 2. Thermocouple 1 and Thermocouple 2 are both ~0.9°C cooler than 
Thermocouple 4.At the centerline, Thermocouple 3 is 0.2°C warmer than Thermocouple 4, and 
Thermocouple 5 is 0.6°C cooler.  Thermocouple 6 and Thermocouple 7 are 1.9°C and 2.8°C 
warmer than Thermocouple 4, respectively.  Since thermocouples 1-5 are within ±5.5°C it 
indicates that the shear layer is not impinging upon the heated plate or deeply into the cavity.  
The increase in the downstream thermocouples does indicate that the shear layer is not spanning 
the opening, but forcing some airflow downstream to increase the temperatures at those 
locations.  
At 30° the average ΔT of the plate is 65.0°C and the uniformity of the plate is ±6.22°C.  
Thermocouple 1 and Thermocouple 2 have decreased to 5.08°C and 2.43°C below the center 
thermocouple, Thermocouple 4.  This indicates that the flow is entering the cavity near these two 
Yaw Angle TC 1 TC 2 TC 3 TC 4 TC 5 TC 6 TC 7
0 3.2 1.1 0.3 0.0 -0.5 0.3 0.0
15 -0.9 -0.9 0.2 0.0 -0.6 1.9 2.8
30 -5.1 -2.4 0.3 0.0 -0.6 4.1 7.2
45 -9.9 -5.5 0.2 0.0 -0.5 4.0 5.4
62.2 -9.1 -4.8 0.1 0.0 -0.3 5.3 9.1
75 -5.6 -3.5 0.0 0.0 -0.1 3.0 3.4
90 -0.1 -2.7 -0.1 0.0 0.0 2.0 0.3
L/D 1.5
ΔT : TC# -TC4
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thermocouples and increasing the convective heat transfer in that upstream region.  
Thermocouple 3 is 0.3°C warmer and Thermocouple 5 is 0.6°C cooler than Thermocouple 4.  
Thermocouple 6 and Thermocouple 7 are 4.1°C and 7.2°C warmer than Thermocouple 4.   
At the yaw angle of 45°, the average ΔT of the plate is 63.1°C and the uniformity across the plate 
is ±7.66°C.  The ΔT’s at Thermocouple 1 and Thermocouple 2 are 5.3°C and 3.5°C cooler than 
observed at the 30° yaw angle configuration.  Compared to the center thermocouple, 
Thermocouple 4, Thermocouple 1 and Thermocouple 2 are 9.9°C and 5.48°C cooler.  This 
indicates that the flow is impinging deeper into the cavity and causing more convective cooling 
to take place in the upstream region of the cavity.  Thermocouple 3 is 0.2°C warmer than 
Thermocouple 4 and Thermocouple 5 is 0.5°C cooler.  This shows that there is some variation 
along the major axis centerline in the temperature distribution caused by the flow moving along 
the downstream wall of the cavity.  Thermocouple 6 and Thermocouple 7 increased 0.5°C and 
2.2°C when increased to 45° from 30°.   
At 60°, the average ΔT of the plate is 63.7°C with a plate uniformity of ±9.08°C.  Thermocouple 
1 and Thermocouple 2 increase by 0.5°C and 0.4°C compared to 45°C, but only 9.1°C and 
4.75°C cooler than Thermocouple 4.  Thermocouple 3 is 0.2°C warmer than Thermocouple 4, 
and Thermocouple 5 is 0.3°C cooler.  The temperature gradient between Thermocouple 3 and 
Thermocouple 5 is decreasing indicating that the flow is becoming more uniform.  
Thermocouple 6 and Thermocouple 7 increase in temperature by 0.9°C and 3.3°C, and are 4.0°C 
and 5.4°C warmer than Thermocouple 4. 
At 75° the trends seen in angles of 30°, 45°, and 60° begins to reverse where Thermocouple 1 
and Thermocouple 2 are increasing in temperature and Thermocouple 6 and Thermocouple 7 are 
decreasing.  Thermocouple 1 and Thermocouple 2 are 5.6°C and 3.5°C cooler than 
Thermocouple 4, and Thermocouple 6 and Thermocouple 7 are 3.0°C and 3.4°C warmer than 
Thermocouple 4.  The ΔT profile for 75° indicates that the fluid flow impingement into the 
cavity has moved further upstream of Thermocouple 1 and is being heated slightly before 
reaching the center of the cavity, reducing the duration of the Cycle On. The flow subsequently 
creates a recirculation region surrounding Thermocouple 6 and Thermocouple 7 and exits the 
cavity without imparting significant amounts of heat to them.   
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At 90°, the average ΔT of the plate in this configuration was 62.2°C and the uniformity across 
the plate was ±2.36°C.  From the ΔT in this configuration, the flow appears to be impinging near 
Thermocouple 2, which was 2.6°C and 2.7°C cooler than Thermocouple 1 and Thermocouple 4.  
At the same time, Thermocouple 6 was 2.0°C warmer than Thermocouple 4 and 1.8°C warmer 
than Thermocouple 7. This indicates that the flow was creating a recirculation region near 
Thermocouple 7, keeping its temperature lower.  Otherwise the thermocouples were within 
±0.2°C. 
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Figure 75 : ΔT - L/D : 1.5 at Yaw 
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Figure 76 : ΔT - L/D : 1.5 at Yaw 
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Shown in Figure 78 is the temperature profile of the heated plate at L/D of 1 for all angles.  
Table 17 shows the temperature difference for each location relative to the center thermocouple 
(Thermocouple 4) for all angles at the L/D ratio of 1.  
At the yaw angle of 0°, the average ΔT of the plate is 64.9°C and the thermocouples are within 
±1.73°C across the plate.  Thermocouple 1 is again a higher temperature than the other six 
thermocouples, indicating that the increase is likely due to a property of the test setup.  
Thermocouple 3 and Thermocouple 5 are 0.1°C warmer and 0.3°C cooler than the center 
thermocouple, Thermocouple 4. 
 
Table 17 : Temperature Difference from Center Thermocouple - L/D : 1 
 
At 15°, the average ΔT of the plate is 63.9°C and the variation across the plate is within ±1.18°C.  
Thermocouple 1 decreases 3°C from its temperature observed at the 0° orientation.  
Thermocouple 6 and Thermocouple 7 experience a slight increase in temperature of 0.3°C and 
1.2°C, respectively.  Relative to the center thermocouple, Thermocouple 4, Thermocouple 1 is 
1.1°C warmer; Thermocouple 2 is 0°C warmer; Thermocouple 3 is 0.2°C warmer; 
Thermocouple 5 0.3°C cooler; Thermocouple 6 is 1.5°C warmer; Thermocouple 7 is 2.0°C 
warmer.  This indicates that the flow continues to mostly span the cavity with some circulation 
induced at the downstream end of the cavity. 
At 30°, the average ΔT of the plate is 64.1°C and varies no more than ±4.03°C.  The profile 
shows that Thermocouple 1 and Thermocouple 2 are cooler than the center thermocouple while 
Thermocouple 6 and Thermocouple 7 are warmer.  Thermocouple 1 and Thermocouple 2 are 
Yaw Angle TC 1 TC 2 TC 3 TC 4 TC 5 TC 6 TC 7
0 3.1 1.2 0.1 0.0 -0.3 0.1 -0.2
15 1.1 0.0 0.2 0.0 -0.3 1.5 2.0
30 -2.9 -1.9 0.1 0.0 -0.5 3.1 5.1
45 -7.8 -5.1 0.1 0.0 -0.4 4.2 5.9
60 -9.0 -6.0 0.1 0.0 -0.3 7.6 13.8
75 -3.0 -3.3 0.0 0.0 -0.2 3.1 4.7
90 11.1 1.9 -0.1 0.0 0.0 1.2 -0.1
L/D 1
ΔT : TC# -TC4
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2.9°C and 1.9°C cooler than Thermocouple 4, demonstrating that there is flow entering into the 
cavity, most likely traveling down the wall of the major axis and then downstream in the cavity. 
Thermocouple 3 and Thermocouple 5 are 0.1°C warmer and 0.5°C cooler than Thermocouple 4, 
indicating that the flow is traveling primarily along the downstream wall of the major axis 
creating recirculation zone alone the upstream wall.  Thermocouple 6 and Thermocouple 7 are 
3.1°C and 5.1°C warmer than Thermocouple 4.  This indicates that the flow was warmed 
upstream and is now heating Thermocouple 6 and Thermocouple 7 before exiting the cavity.  
At 45°, the average ΔT of the plate was 63.1°C with a variation not exceeding ±4.0°C.  The trend 
observed at 30° continues with Thermocouple  1 and Thermocouple 2 now 7.8°C and 5.0°C 
cooler than Thermocouple 4, and Thermocouple 6 and Thermocouple 7 4.2°C and 5.9°C warmer.  
This indicates that the flow is impinging more into the cavity near the upstream thermocouples 
and is taking more heat downstream to Thermocouple 6 and Thermocouple 7 before it exits the 
cavity.  The difference between Thermocouple 3 and Thermocouple 5 with Thermocouple 4 is 
now 0.1°C and -0.4°C.  This indicates that the flow is either not traveling as tightly against the 
back wall or is being heated more upstream.   
At 60°, the plate has an average ΔT of 64.2°C and a variation of ±11.4°C across the plate.  
Thermocouple 1 and Thermocouple 2 are now 9.0°C and 6.0°C cooler than Thermocouple 4, a 
1.2°C and 1.0°C change.  Thermocouple 6 and Thermocouple 7 are now 7.6°C and 13.8°C 
warmer than Thermocouple 4, respectively.  Thermocouple 3 s 0.1°C warmer than 
Thermocouple 4 and Thermocouple 5 is 0.3°C cooler.  The significant temperature spike 
indicates that Thermocouple s 6 and 7 are encapsulated in a recirculation zone that is insulating 
them from the airflow. 
At 75°, the average ΔT of the plate 68.8°C and a variation of ±3.9°C across the plate.  
Thermocouple 1 and Thermocouple 2 increase in temperature and are now 3.0°C and 3.25°C 
cooler than Thermocouple 4.  Thermocouple 3 and Thermocouple 5 are 0°C and 0.2°C cooler 
than Thermocouple 4.  Thermocouple 6 is 3.1°C warmer than Thermocouple 4, a decrease of 
4.5°C from 60°.  Thermocouple 7 is 4.7°C warmer than Thermocouple 4.  9.1°C lower than the 
ΔT observed at 60°.  These temperatures indicated that the flow is still impinging upstream of 
the center thermocouples and heating the downstream thermocouples, and is similar to the ΔT 
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readings observed at 30° with better temperature uniformity among Thermocouple 3, 
Thermocouple 4, and Thermocouple 5.   
At 90° the average ΔT of the plate is 66.2°C with a variation of ±5.63°C across the plate.  
Thermocouple 1 was 11.1°C warmer than Thermocouple 4.  Thermocouple 2 was 1.9°C warmer 
than the center thermocouple, Thermocouple 4.  Thermocouple 3 and Thermocouple 5 are -0.1°C 
and 0°C from Thermocouple 4.  Thermocouple 6 and Thermocouple 7 are 1.2°C and -0.1°C 
compared to Thermocouple 4.  The ΔT profile indicates that Thermocouple 1 and perhaps 
Thermocouple 2 are encapsulated in a recirculation region on the upstream wall.  The flow 
impingement is near the center thermocouples and then travels downstream providing some heat 
to the downstream thermocouples before exiting the cavity.   
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Figure 77 : ΔT - L/D : 1 at Yaw 
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Figure 78 : ΔT - L/D : 1 at Yaw 
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6.3.1.3 Heat Transfer Depth Analysis 
Shown in Figure 79 is ΔT (Ts-T∞) for all L/D ratios at 0° for each thermocouple location.  The 
ΔT for each location is nearly uniform for all cavity configurations.  The ΔT for the no cavity 
configuration at Thermocouple 1 and Thermocouple 2 is closer the average ΔT across the plate 
than the cavity configurations. This indicates that for this experimental set-up, the introduction of 
the cavity causes a small variation in the heat transfer at location Thermocouple 1 and to a 
smaller degree Thermocouple 2. 
 
Figure 79 : ΔT for all Depths at 0° 
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Shown in Figure 80 are the ΔT measurements of the plate for all L/D ratios at 15°.  The L/D 
ratios of 3 and 1.5 show similar temperature profiles in the no cavity configuration for 
thermocouple locations 1, 2, 4, and 5.  At locations 3, 6, and 7 all three cavity configurations 
show higher ΔT’s.  At location 3 and 5, the ΔT is consistent for all three cavities, with 
Thermocouple 3 being at a higher temperature than Thermocouple 5.  This shows that the flow 
field is still impinging on the downstream wall of the major axis of the cavity and causing a 
recirculation zone on the upstream wall of the major axis.  At locations 6 and 7, the ΔT is related 
to the L/D ratio, with the L/D ratio of 3 showing the largest ΔT at these positions and the ΔT 
decreasing as the cavity becomes deeper.  Since the cavity is shallow at the higher ratio, the 
downstream plate is being heated as the air flow passes over the upstream cavity floor and 
propagates downstream. Additionally, at Thermocouple 1 and Thermocouple 2 the L/D=1 has a 
higher ΔT than L/D of 1.5 and 3.  This indicates that there is a recirculation region at the 
upstream end of the cavity for L/D= 1.   
 
Figure 80 : ΔT for all Depths at 15° 
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Shown in Figure 81 are the ΔT’s at 30° yaw for all L/D ratios.  The L/D ratios show greater 
temperature deviations on the upstream and downstream end of the cavities.  The aligning of the 
major axis of the cavity with the air flow is causing the formation of a recirculation zone at the 
downstream wall.  As the L/D ratio decreases, which is due to an increase in depth, a better 
insulation layer forms, which prevents or reduces the impingement of the cool ambient air flow 
upon the heated plate.  The insulating effect of the deeper cavities reduces the amount energy 
required to be produced by the heater to maintain the set temperature and as a result the upstream 
recirculation zone is held at lower temperatures.  L/D of 3 experiences a higher ambient 
temperature that is causing the ΔTs to be slightly lower than the other ratios, but the difference in 
ambient temperature does not fully account for the difference in ΔTs between L/D 1 and 1.5 at 
the Thermocouple 6 and Thermocouple 7 locations.  The ΔTs at these locations indicate that the 
air flow is cooling the entire plate at a greater rate than seen in L/D 1.5.  The L/D of 1.5 is likely 
experiencing the formation of a recirculation zone downstream, but still has a similar airflow 
profile to that of L/D of 3 near the set point thermocouple at the center of the cavity.  This 
combination of a shallow flow field at the center and a deep flow field downstream, causes 
Thermocouple 6 and Thermocouple 7 to experience higher temperatures downstream.  
Meanwhile L/D of 1, a deeper cavity, is experiencing less heat loss due to the airflow interacting 
with the cavity bottom to lesser degree.  The lower interaction with the cavity bottom reduces the 
required energy to maintain the set temperature and thus lowers the temperatures of the 
downstream thermocouple locations. 
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Figure 81 : ΔT for all Depths at 30° 
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At 45°, shown below in Figure 82, the temperatures between the cavities are showing distinct 
differences from the no cavity configuration at both ends of the cavity.  Thermocouple 1 and 
Thermocouple 2 are below the set temperature of the plate seen at Thermocouple 4, indicating 
that the airflow is impinging in that region.  Thermocouple 6 and Thermocouple 7 are higher 
than the set temperature of the plate due to the airflow transferring heat from the upstream 
portions of the plate downstream.  L/D 3 has a higher ΔT due to the shallower cavity allowing 
for the heated air to interact with the full length of the plate.  The smaller L/D ratios experience 
formations of recirculation zones cavity that would keep the airflow from interacting with the 
full length of the cavity floor.   
 
Figure 82 : ΔT for all Depths at 45° 
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The comparison of L/D ratios of at yaw angle of 60°C are shown below in Figure 83.  The ΔTs 
at Thermocouple 1 and Thermocouple 2 for all depths are still below the set point temperature 
shown at Thermocouple 4.  Thus, the flow field is impinging in the vicinity of those two 
thermocouples.  With Thermocouple 1 being lower than Thermocouple 2, the flow field is more 
likely to be impinging closer to Thermocouple 1.  Thermocouple 6 and Thermocouple 7 show 
significant increases in temperature from the no cavity baseline.  The combination of the heated 
plate upstream and likely formation of recirculation zones at the downstream wall result in a 
higher temperature to be observed.   
 
Figure 83 : ΔT for all Depths at 60° 
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At 75°, shown below in Figure 84, the L/D 1, and to a lesser extent 1.5, have lost the distinctly 
lower ΔT values when compared to the baseline.  L/D 3 is still noticeable lower than the 
baseline.  L/D 1 is likely experiencing a recirculation region at the upstream edge of the cavity.  
L/D 1.5 most likely has a smaller recirculation region than L/D 1.  L/D 3 is still experiencing 
impingement near Thermocouple 1.  All three cavities have very similar ΔTs at Thermocouple 6 
and Thermocouple 7.  The ΔTs increase as the cavity depth increases.  This is likely due to the 
deeper cavities forming larger recirculation zones downstream. 
 
Figure 84 : ΔT for all Depths at 75° 
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Figure 85 shows the ΔTs at 90° yaw for all depths.  The no cavity configuration baseline shows 
that Thermocouple 1 and Thermocouple 2 are cooled by the oncoming flow and downstream. 
Thermocouple 6 and Thermocouple 7 are warmer than the center thermocouple, Thermocouple 
4.  The L/D 3 case Thermocouple 1 is the lowest temperature, indicating the airflow is impinging 
near that location.  Thermocouple 6 shows the highest temperature indicating that the airflow is 
heating that location, and also showing that Thermocouple 7 is further isolated from the flow and 
possibly experiencing edge effects.  L/D 1.5 in this orientation has an impingement region near 
Thermocouple 2 and Thermocouple 1 is in a recirculation zone, which is indicated by the higher 
temperature.  Again, Thermocouple 6 is the highest temperature with Thermocouple 7 trailing 
off to be approximately near the set temperature of Thermocouple 4.  This indicates that there is 
a formation of a recirculation region occurring.  L/D 1 has a well-developed recirculation region 
in the upstream portion of the cavity encompassing Thermocouple 1 and Thermocouple 2, as 
shown by the 11°C span between Thermocouple 1 and Thermocouple 4.  Interestingly the 
downstream wall does not appear to have a well-developed recirculation zone, since the 
temperatures there mirror those seen in L/D 3 and 1.5.   
 
Figure 85 : ΔT for all Depths at 90° 
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6.3.1.4  Power Usage  
Shown in Figure 86 and Table 18 is the total energy input over a ten minute period into the 
heater to maintain the 80°C set point of the bottom wall of the cavity.  When energized, the 
heater uses approximately 1kJ every 5.3 seconds.  For the no cavity configuration, see Section 
6.3.1.1.2 . 
 
Figure 86 : 10 Minute Energy Input 
 
For the L/D ratio equaled to 3, the 0° orientation shows a 77.12kJ energy input into the heater.  
There is then an increase of 3.81kJ when the yaw angle is increased to 15°.  A decrease of 2.74kJ 
is then observed when angle is increased to 30°, lowering the energy input to 78.19kJ.  At both 
45° and 60° higher energy requirements of 83.82kJ and 81.80kJ, respectively, is required to 
maintain the set point temperature.  This higher energy consumption indicates a strong 
interaction between the cavity floor and airflow.  At 75° the energy input decreases 11.68kJ to 
70.12kJ.  At 90° the energy input remains nearly constant at 70.26kJ.   
At L/D ratio of 1.5, the 0° the energy input into the cavity is 76.06kJ.  An increase of 3.00kJ is 
observed when the yaw angle is changed to 15° and only changes 0.09kJ when the yaw angle is 
changed to 45°.  The maximum energy input occurs at 60° using 84.36kJ over the ten minute 
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period, an increase of 3.31kJ from the 45° configuration.  The energy requirement increases a 
total of 8.30kJ from 0° to 60°.  The energy input to the heater then decreases 13.59kJ to reach 
70.76kJ at the yaw angle of 90°.   
For the L/D ratio of 1, the 0° orientation has the energy input of 73.63kJ over the 5 minute test 
duration.  There is a slight increase in energy requirements for the 15° increments up to 45° of 
0.07kJ, 0.87kJ, and 0.46kJ.  The increase in yaw angle from 45° to 60° is 7.42kJ to reach the 
maximum energy input for this depth of 82.45kJ.  The energy input then decreases 0.96kJ at 75°, 
and another 8.40kJ as the yaw angle increases from 75° to 90°.   
 
Table 18 : 10 Minute Energy Input 
The average ammeter Cycle times, as well as the heater On and Off times for all test depths and 
configurations are presented below in Table 29.  In Figure 87 through Figure 89, the ammeter 
signals for the full ten minute test period for L/Ds of 3, 1.5, and 1.  From these figures, the 
frequency and duration of the heating cycle can be observed.   
 
 
No Cavity L/D 3 L/D 1.5 L/D 1
0 87.50 77.12 76.06 73.63
15 86.48 80.93 77.95 73.70
30 88.94 78.19 80.95 74.57
45 84.10 83.82 81.05 75.03
60 76.75 81.80 84.36 82.45
75 72.58 70.12 77.94 81.49
90 67.29 70.26 70.76 73.09
24.91 27.49 28.83 29.68
Angle
Energy Input (kJ)
Natural Convection
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Figure 87 : Ammeter Signal - L/D : 3 – All Angles 
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Figure 88 : Ammeter Signal - L/D :1.5 – All Angles 
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Figure 89 : Ammeter Signal - L/D :1 – All Angles 
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6.3.1.5 Non-Dimensional Heat Transfer 
To study the Nusselt relations, the convective heat transfer coefficient must first be determined 
using Eq. 31.  The heat flux per unit area, q, is calculated from the total energy input (J) divided 
by the duration of the test and surface area of the plate.  Local Nusselt numbers (Figure 91 
through Figure 142) are calculated using equation Eq. 32.  Additional, tables and graphs of 
Nusselt values and convective heat transfer coefficient are available in Appendix D. 
In the following analysis the streamwise characteristic length, L, of the cavity varies as the cavity 
is rotated and is defined as the effective length, L’.  Shown in Figure 90 are the average NuL and 
NuL’ values of the cavity for each yaw angle.  If the characteristic length of the cavity is not 
adjusted, the Nusselt number has a range of 152.5 from maximum to minimum.  When the 
Nusselt number is based on the streamwise cross section of the cavity, L’, the range is 1747.41.  
The effective lengths for each angle are shown in Table 2.  The increase in NuL’ is driven 
primarily by the increase in effective length from 7.62cm to 76.2cm.   
 
 
Figure 90 : Comparison of NuL vs NuL' 
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Shown in Figure 91 are the local effective Nusselt numbers (NuL’) at each thermocouple location 
for each cavity configuration.  All of the thermocouples follow similar trends of increasing with 
the effective cavity length, L’, which coincides with an increase in the convective cooling of the 
plate as the major axis of the cavity is aligned with the airflow. This allows for more 
impingement into the cavity.   
Shown in Table 19 are the Nusselt values compared to the no cavity configuration. All surface 
locations for the cavity configuration have a lower local NuL’ than the no cavity configuration for 
angles 0° to 30°.  Generally, L/D 3 is closest in value to the no cavity configuration and the local 
effective Nusselt number decreases with increased depth.  Also at the Thermocouple 5 location, 
which at 0° is located upstream at the centerline of the major axis, is also greater than the 
downstream Thermocouple 4 location.   
For L/D of 3 at 45°, NuL’ at Thermocouple 1, Thermocouple 2, and Thermocouple 5 are higher 
than in the case of the no cavity configuration.  This indicates that the flow is cooling the first 
two locations and either being warmed or exiting the cavity was the flow propagates 
downstream.  The Thermocouple 5 location is likely experiencing cooling from airflow traveling 
along the downstream wall, and as the airflow circulations upstream along the cavity floor is 
heated causing Thermocouple 4 and Thermocouple 3 locations to experience lower local Nusselt 
numbers.  At 60°, the local Nusselt values are higher than the no cavity configuration, except for 
Thermocouple 6 and Thermocouple 7 locations.  The local Nusselt values for L/D of 3 decrease 
as the flow travels downstream and is heated by the plate. The minor axis of the cavity, shown by 
Thermocouple 3, Thermocouple 4, and Thermocouple 5 locations, is still indicating cooling 
along the downstream wall of the cavity.  At 75°, only Thermocouple 1 and Thermocouple 2 
locations had a higher local Nusselt than the no cavity configuration.  This indicates that the flow 
is impinging into the cavity close to the Thermocouple 1 location and is being heated by the plate 
as the flow propagates downstream.  There is still a small difference between the minor axis 
thermocouples that was observed in previous angles.  At 90°, all locations have a larger local 
Nusselt value when compared to the no cavity configuration, and the minor axis variation is only 
a value of one.  The larger local Nusselt numbers at 90° are the result of the flow field fully 
engaging the entire length of the heated plate.  The lower local Nusselt values of the previous 
angles are due to the airflow spanning the cavity at the downstream locations. 
133 
 
With L/D 1.5 at 45°, only Thermocouple 1 and Thermocouple 2 locations show a larger local 
Nusselt than the no cavity configuration.  Thermocouple 3, Thermocouple 4, and Thermocouple 
5 show the same variance as seen in L/D 3 and are approximately 2 values larger.  Thermocouple 
6 and Thermocouple 7 locations were approximately 1 less than the L/D 3 case.  At 60°, only the 
Thermocouple 7 location was less than the no cavity configuration.  The minor axis variation is 
approximately 3.  The lower value at Thermocouple 7 is probably due to a recirculation region 
forming at the downstream wall.  At 75°, all locations showed a higher local Nusselt number 
than the no cavity configuration.  The local Nusselt number decreases as the airflow travels the 
length of the cavity. This indicates one of three things:  either flow is being heated, or the flow is 
interacting less with the cavity floor, or combination of the previous factors.  At 90°, all locations 
except Thermocouple 1 have a higher local Nusselt number than the no cavity configuration.  
The lower Nusselt value at Thermocouple 1 indicates that the flow is reattaching downstream of 
the Thermocouple 1 location, and that the Thermocouple 1 location is therefore encapsulated in a 
recirculation zone. 
L/D of 1 at 45° has local Nusselt numbers that are less than the no cavity configuration for all 
locations except Thermocouple 1, which is only 1.57 greater than the no cavity configuration.  
The minor axis local Nusselt numbers also vary in the same pattern seen in previous 
configurations with Thermocouple 5 having a higher local Nusselt than Thermocouple 4 and 
Thermocouple 3.  This pattern holds for all cases except for the 90° configuration.  At 60° five of 
the seven locations have higher values than the no cavity configuration.  The two locations with 
lower local Nusselt numbers, when being compared to the no cavity configuration, are 
Thermocouple 6 and Thermocouple 7.  The lower local Nusselt numbers are due to these 
locations entering a recirculation zone at the downstream end of the cavity.  At 75° all locations 
are larger than the no cavity configuration, and are larger in value for all locations, except for 
Thermocouple 1, when being compared to the other two L/D ratios.  At 90° only the 
Thermocouple 1 location is smaller than the no cavity configuration, which is due to the 
formation of a recirculation zone at the upstream wall.  As the Thermocouple 2 location local 
Nusselt number is only slightly larger than in L/D 1.5, the reattachment is located downstream of 
the Thermocouple 2 location.  The downstream thermocouple locations have a larger local 
Nusselt value than the other configurations due to the flow not interacting with as much of the 
plate upstream.  
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Figure 91 : Local NuL' at Thermocouple Locations 
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Table 19 : Cavity NuL' minus No Cavity NuL' 
 
A comparison of the cavity local NuL’ values to the no cavity configuration, as pictured above in 
Table 19, shows  the effects of the progression of the airflow into the cavity, as well as changes 
in Nusselt numbers.  In instances with lower angles the cavity is open and the airflow spans the 
cavity and creates recirculation zones at the downstream thermocouple locations.  Also the local 
Nusselt number variation across the locations of Thermocouple 3, Thermocouple 4, and 
Thermocouple 5 shows the airflow interaction with the downstream wall of the cavity and the 
creation of a smaller recirculation zone along the minor axis.  As the angle increases, the cavity 
changes to a transitional and then a closed cavity.  When the cavity transitions to a closed cavity, 
the local Nusselt values increase as the temperature difference of the local surface area and free 
stream becomes smaller.  This increase in local Nusselt indicates the general area of the 
impingement of the airflow into the cavity.   Despite the change from open to closed cavity, the 
heat transfer from the plate is always lower than the no cavity configuration, as seen by the 
negative values in the average NuL’ column.  The reason for the difference between the local and 
average Nusselt numbers is because the average Nusselt number is calculated using the film 
temperature (Eq. 30).    
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6.3.2 Qualitative Thermal Measurements 
The images of the thermal liquid crystals (TLC) on the heated plate are shown in Figure 93 
through Figure 96. Larger individual images are shown in Appendix F.  The temperature 
bandwidth from 58°C to 82 °C was selected for the tests, as previously mentioned in Section 
3.3.2, shown again in Figure 92.  The TLCs varied in color from red (low) to purple (high) 
depending on the surface temperature of the heated plate as shown in Figure 92.   
 
Figure 92 : TLC Temperature Bandwidth/Spectrum 
 
Figure 93 shows the no cavity configuration.  At all angles, the center of the plate maintains a 
light blue color which corresponds to the maximum temperature values recorded by the 
thermocouples.  At 0° the left edge of the heated plate shows red and orange, while the right side 
is mostly green.  This corresponds to the thermocouple readings that showed the left side 
(Thermocouple 7) being slightly lower in temperature than the right side (Thermocouple 1).  As 
the heated plate is rotated and the right side is rotated upstream into the airflow, the TLC shows a 
cooling to red and then black from a combination of the leading edge being cooled by the air 
flow and the TLC coating degrading as the test progresses.  
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Figure 93 : TLC - No Cavity 
 
In Figure 94 the L/D of 3 tests are shown.  The test sequence for this L/D ratio was 
configurations from 90° to 0°, which is why the TLC coloring is not as prevalent in the lower 
angle images due to the TLC degrading over the course of the test sequence.  At 0°, the coloring 
of the TLC shows some yellow, green, blue, and violet but the majority of the plate is black 
where the TLC degraded and stopped showing color.  At 15° the upstream portion of the cavity 
is orange and some green mixed in (~61°C), green and blue in the center of the cavity (73°C to 
76°C) and a bluish color (~80°C) at the downstream end of the cavity.  At 30° the upstream 
portion of the cavity is a reddish orange (~60°C), the center of the cavity begins as an orangish 
green and transitions to a blueish green (~62°C to 73°C) , the downstream portion of the cavity is 
blue (~80°C).  45° and 60° had similar coloration as 30°, but 60° begins to show more green 
coloring in the downstream portion of the cavity.  At 75° and 90° the middle to downstream end 
of the cavity is almost entirely green with some blueish coloring scattered in.   
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Figure 94 : TLC - L/D : 3 
Figure 95 shows the images for the L/D of 1.5 test configurations.  At 0° the TLC at the ends of 
the cavity were degraded and did not show any specific coloring.  The center area of the cavity 
showed a mixture of yellow, red, blue, and green but due to the degradation of the TLC the 
coloring is not reliable.  For the 15° configuration the downstream end of the cavity was still too 
degraded for reliable coloring to appear, but the upstream edge showed red and yellow (60°C 
to 62°C) and the section just downstream of the center of the cavity has a blue and green 
coloring (73°C to 76°C).  At 30° the upper half of the cavity is primarily reddish orange and some 
yellow (60°C-62°C) and the downstream edge is primarily blue and green ( 72°C to 79°).  At the 
downstream wall of the cavity there is a reddish orange region (61°C-62°C) which indicates the 
formation of a recirculation zone.  At 45° to 90° the color of the plate is nearly identical. At 60° 
however the recirculation zone at the downstream wall appears to be more yellow and green, 
not present in the other configurations, indicating a slightly higher temperature. 
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Figure 95 : TLC - L/D : 1.5 
Figure 96 shows the L/D of 1.  Unfortunately there was an insufficient amount of TLC for these 
test configurations.  While some blue and green shading can be seen, the color was insufficient 
for any meaningful analysis.  The image is included only for the purpose of completeness. 
 
 
Figure 96 : TLC - L/D : 1  
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7 Discussion 
The previous sections presented the heat transfer effects of turbulent air flow on a cavity floor 
held at a constant temperature when rotated at yaw.  The experimental evaluation was conducted 
in a cavity with a W/L ratio of 10 at three L/D ratios of 3, 1.5 and 1.  The angles examined were 
from 0° to 90° in 15° increments.  By comparing these results to the result from previous studies, 
the effect of the cavity and orientation to the flow can be analyzed.  The results of the analysis 
can then be considered in design considerations. 
The oncoming airflow was recorded using Constant Temperature Anemometry.  The incident 
flow was documented to ensure fully turbulent, two-dimensional flow approaching the cavity at 
0°, where the major axis is perpendicular to the flow direction.  In addition, the CTA data was 
used to calculate turbulence scales of the flow.  Figure 32 and Figure 34 show the non-
dimensional velocity and turbulence intensity of the exit of the constant area section.  Figure 35 
and Figure 36 show the development of the wall bounded shear layer as the airflow progresses 
downstream from the exit of the constant area section towards to the cavity.  The profiles were 
further analyzed using the Clauser method to match the velocity profile.  The boundary layer 
velocity profile was plotted using the inner law boundary layer variables 𝑢+ and 𝑦+ in Figure 38 
to allow the comparison of the profile shapes to standard boundary layer profiles.  The linear law 
of the wall region is also included for each configuration, which was calculated using the skin 
friction velocity estimates as shown in Eq. 14.  For a roughness factor of 2.58, the velocity 
profile fits the law of the wall for 𝑦+ values between 70 and 700, a decade, which is typical for a 
fully developed turbulent boundary layer. 
Unsteady pressure measurements were also recorded on an unheated cavity to analyze the cavity 
frequency content and RSPL.  While this current study did not observe any peak frequencies as 
found by previous studies [7] [9] [8] [14], the frequency content helps indicate where the flow 
interaction within the cavity is occurring.  Figure 57 through Figure 59 show the FFTs of the 
microphones at given depths of all angles.  The change in the magnitude and location of the 
frequency content can be observed across for all angles of a given depth.   
While the frequency content may shift and concentrate in the FFT plots, the overall energy level, 
as indicated by the RSPLs of the cavity microphones to the upstream boundary layer 
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microphone, provide more information on the change in energy content of the cavity at each 
configuration.  Previous studies found that strong oscillations and RSPL levels occurred at 
approximately 60° yaw [11] [14].  This experiment recorded pressure readings from three cavity 
microphones located at 1/4, 1/2, and 3/4 of the cavity width for 30 seconds at 50kHz.  This 
experiment also observed maximum RSPL levels between 45° and 75°, depending on 
microphone location and cavity depth, as shown in Figure 61 though Figure 63.  The microphone 
located at the upstream end of the cavity at 90°, Microphone B, had maximum RSPLs at 60°, 
75°, and 75° for L/D ratios of 3, 1.5, and 1, respectively.  The center microphone, Microphone C, 
had maximum RSPLs at 60°, 75°, and 75° for L/D ratios of 3, 1.5, and 1, respectively. 
Microphone D, located at the downstream end of the cavity at 90°, experienced maximum 
RSPLs at 45°, 60°, and 75° for L/D ratios of 3, 1.5, and 1, respectively.  While not identical to 
the results of the previously mentioned studies, discrepancies in the results are likely due to 
differences in cavity size, turbulence levels, and instrumentation.  
The temperature measurements were performed as quantitative measurements using 
thermocouples to measure plate temperature and an ammeter to measure power input to the 
heater, as well as qualitative measurements using thermal liquid crystals, which change color to 
correspond to temperature over a given bandwidth.  The qualitative images of the heated cavity 
floor (Figure 93 through Figure 96 and in Appendix F) show the surface temperature distribution 
across the plate.  The no cavity baseline images show the 80°C set point temperature being 
maintained at the center of the plate across all angles.  At 90° the upstream portion of the plate is 
cooled below the bandwidth of the TLC.  At L/D ratios of 3 and 1.5 the center area of the plate 
shows more green and yellow, a lower temperature, indicating cooling of the plate.  Areas of 
slightly warmer or cooler coloring were observed at the upstream and downstream portions of 
the cavity.  Additionally, upon careful examination the downstream wall is interspersed with 
colors of a lower temperature, indicating a cooling as airflow impinges on the downstream wall 
and interacts with the cavity floor. 
The quantitative analysis of the heated plate was performed using ΔT (Ts-T∞) to monitor the 
plate temperature. This analysis showed that while the heater held the center of the plate at a 
nearly constant temperature, the variance in ΔT was ±2.1°C at Thermocouple 4 across all tests 
(Ts was ±0.51°C for all test).  These results show that the heater was able to maintain a consistent 
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temperature at the center of the cavity where the temperature control thermocouple was located.   
The ΔT graphs shown in Figure 73 through Figure 85 and show that the largest temperature 
variation for each L/D ratio occurred at 60° and the second largest variation occurred at 45°.  The 
thermocouple measurements show that at these angles there are large variations at the upstream 
and downstream thermocouple locations with changes in yaw angle and depth.  At L/D 1 at 90°, 
Thermocouple 1 experiences a significantly higher temperature than the all other locations 
downstream, which indicates that a recirculation region formed at the upstream wall and that the 
heat was not being dissipated from this location.  Additionally, the thermocouples along the 
minor axis showed a temperature gradient from the high of the upstream wall to the low at the 
downstream wall.  This shows that the flow was impinging on the back wall, and moving down 
and upstream along the cavity floor.   
An energy analysis was performed on the energy input into the cavity at each configuration using 
the ammeter signal to determine ON/OFF state of the heater, shown in Figure 87 through Figure 
89, and Appendix E.  The maximum Cycle On time, and thus energy input, occurred at 45° for 
L/D of 3, and 60° for L/D 1.5 and 1.   
The power readings in conjunction with the temperature measurements can be used to determine 
the Nusselt numbers for each thermocouple location, as well as the average Nusselt for the plate.  
The 𝑁𝑢𝐿′̅̅ ̅̅ ̅̅  increases with the increase in yaw angle, due primarily to the L’ increasing form 
7.62cm to 76.2cm.  The average 𝑁𝑢𝐿′̅̅ ̅̅ ̅̅  are plotted against previous studies in Figure 97.  While 
the current study utilized a constant temperature heating criteria, the studies shown in Figure 97 
utilize a constant flux condition.  Additionally, Haugen [17] and Fox [20] heated both the bottom 
and side walls perpendicular to the flow.  Despite these differences, the average 𝑁𝑢𝐿′̅̅ ̅̅ ̅̅  of the 
current study is within the range of the previous studies. 
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Figure 97 : Comparison of Average Nusselt Values 
 
When comparing the local NuL’ to the no cavity configuration (see Table 19), all locations have a 
smaller local NuL’ for angles from 0° to 30°.  This indicates that there is little interaction between 
the airflow and the cavity floor at thee angles.  At 45°, the upstream locations have larger local 
NuL’ than the no cavity configuration, but after the Thermocouple 1 or Thermocouple 2 locations 
the local NuL’ are less.  At 60°, all locations except for Thermocouple 7 at all depths and 
Thermocouple 6 at L/D 3 and 1 are less than the no cavity configuration.  At 45° and 60° the 
airflow interacts with the upstream portions of the cavity, while downstream the airflow is being 
preheated by the upstream portion of the cavity and a recirculation zone forms.  At 75°, a split is 
observed between the shallow cavity (L/D of 3) and the deeper cavities (L/D 1.5 and 1).  In the 
shallow cavity Thermocouple 1 and Thermocouple 2 locations have a higher Nusselt number 
than the no cavity configuration, but the other locations have a lower Nusselt number.  In the 
deeper cavities all locations have a higher local Nusselt than the no cavity configuration.  At 90° 
all downstream locations have a higher local Nusselt number than the no cavity configuration.  
Upstream at the Thermocouple 1 location, the deeper cavities experience a recirculation region 
which causes the location to have a lower local Nusselt number. 
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8 Conclusion 
The present study documented the effect of yaw angle on the heat transfer from the bottom 
surface of a rectangular cavity held at a constant temperature.  This experimental study was one 
of the first to document the effect of yaw angle on heat transfer from a rectangular cavity.  The 
results of this study show that the flow interaction with the cavity is less in a no cavity 
configuration, but locally can vary greatly as the yaw angle is changed.  The maximum power 
input into the cavity occurred at 45° and 60° depending on cavity depth, which mirrors previous 
acoustic studies that observed maximum frequency content occurring at these angles.  The effect 
of yaw angle upon the local Nusselt numbers indicates that upstream and downstream portions of 
the cavity can be manipulated to increase or decrease the local Nusselt number with changes in 
L/D and yaw angle.   
Recommendations for future work are to build upon the current work with the intent to better 
understand the interaction of the flow with the cavity by: 
1. Subdividing the heater into independently controlled heating zones to allow better 
control and measurement resolution of the plate temperature 
2. Increasing the spatial resolution of the thermocouple measurements to better observe 
temperature variations across the entire bottom surface.   
3. Studying additional L/D and W/D ratios should be studied to gain insight into the effect 
of cavity dimensions upon the heat transfer from the bottom surface. 
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Appendix A: Hot-wire Data 
 
Figure 98 : Non-Dimensional Velocity Profile of Free Shear Layer at 0° 
 
 
Figure 99 : Turbulence Intensity Profile of Free Shear Layer at 0° 
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Figure 100 : Non-Dimensional Velocity Profile of Free Shear Layer at 45 ° 
 
 
Figure 101 : Turbulence Intensity Profile of Free Shear Layer at 45 ° 
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Figure 102 : Non-Dimensional Velocity Profile of Free Shear Layer at 90° 
 
 
Figure 103 : Turbulence Intensity Profile of Free Shear Layer at 90° 
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Appendix B: Microphone Data 
 
 
Figure 104 : Microphone B Calibration 
 
Figure 105 : Microphone C Calibration 
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Figure 106 : Microphone D Calibration 
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Figure 107 : Microphone A - 0° 
 
 
Figure 108 : Microphone B - 0° 
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Figure 109 : Microphone C - 0° 
 
 
Figure 110 : Microphone D - 0° 
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Figure 111 : Microphone A - 15° 
 
 
Figure 112 : Microphone B - 15° 
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Figure 113 : Microphone C - 15° 
 
 
Figure 114 : Microphone D - 15° 
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Figure 115 : Microphone A - 30° 
 
 
Figure 116 : Microphone B - 30° 
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Figure 117 : Microphone C - 30° 
 
 
Figure 118 : Microphone D - 30° 
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Figure 119 : Microphone A - 45° 
 
 
Figure 120 : Microphone B - 45° 
163 
 
 
 
Figure 121 : Microphone C - 45° 
 
 
Figure 122 : Microphone D - 45° 
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Figure 123 : Microphone A - 60° 
 
 
Figure 124 : Microphone B - 60° 
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Figure 125 : Microphone C - 60° 
 
 
Figure 126 : Microphone D - 60° 
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Figure 127 : Microphone A - 75° 
 
 
Figure 128 : Microphone B - 75° 
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Figure 129 : Microphone C - 75° 
 
 
Figure 130 : Microphone D - 75° 
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Figure 131 : Microphone A - 90° 
 
 
Figure 132 : Microphone B - 90° 
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Figure 133 : Microphone C - 90° 
 
 
Figure 134 : Microphone D - 90° 
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Figure 135 : Microphones Covered, Fans On 
 
 
Figure 136 : Microphones Covered, Fans Off 
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Figure 137 : Microphones Uncovered, Fans Off 
 
 
Figure 138 : Microphones Uncovered, No Power to Fans 
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Appendix C: Temperature Data 
 
Table 20 : ΔT (Ts-Ta) 
173 
 
 
 
Table 21 : Film Temperature 
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Table 22 : Plate Temperature Oscillation (Tmax - Tmin) 
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Table 23 : Maximum Plate Temperature 
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Table 24 : Minimum Plate Temperature 
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Table 25 : Average Plate Temperature (Ts) 
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Appendix D: Nusselt Number and Convective Heat Transfer Coefficient 
Tables and Graphs 
 
Table 26 : Convective Heat Transfer Coefficient 
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Table 27 : Nusselt Number based on Cavity Length 
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Table 28 : Nusselt Number based on Cavity Streamwise Cross Sectional Length, L' 
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Figure 139 : Local NuL' with No Cavity 
 
 
Figure 140 : Local NuL' at L/D : 3 
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Figure 141 : Local NuL' at L/D : 1.5 
 
 
Figure 142 : Local NuL' at L/D : 1 
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Appendix E: Ammeter Data 
 
 
Figure 143 : Ammeter Signal - No Cavity - Natural Convection 
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Figure 144 : Ammeter Signal - No Cavity - 0° 
 
Figure 145 : Ammeter Signal - No Cavity - 15° 
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Figure 146 : Ammeter Signal - No Cavity - 30° 
 
Figure 147 : Ammeter Signal - No Cavity - 45° 
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Figure 148 : Ammeter Signal - No Cavity - 60° 
 
Figure 149 : Ammeter Signal - No Cavity - 75° 
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Figure 150 : Ammeter Signal - No Cavity - 90° 
 
 
Figure 151 : Ammeter Signal - L/D : 3 - 0° 
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Figure 152 : Ammeter Signal - L/D : 3 - 15° 
 
Figure 153 : Ammeter Signal - L/D : 3 - 30° 
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Figure 154 : Ammeter Signal - L/D : 3 - 45° 
 
Figure 155 : Ammeter Signal - L/D : 3 - 60° 
190 
 
 
Figure 156 : Ammeter Signal - L/D : 3 - 75° 
 
Figure 157 : Ammeter Signal - L/D : 3 - 90° 
191 
 
 
Figure 158 : Ammeter Signal - L/D : 3 - Natural Convection 
 
Figure 159 : Ammeter Signal - L/D : 1.5 - 0° 
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Figure 160 : Ammeter Signal - L/D : 1.5 - 15° 
 
Figure 161 : Ammeter Signal - L/D : 1.5 - 30° 
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Figure 162 : Ammeter Signal - L/D : 1.5 - 45° 
 
Figure 163 : Ammeter Signal - L/D : 1.5 - 60° 
194 
 
 
Figure 164 : Ammeter Signal - L/D : 1.5 - 75° 
 
Figure 165 : Ammeter Signal - L/D : 1.5 - 90° 
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Figure 166 : Ammeter Signal - L/D : 1.5 - Natural Convection 
 
Figure 167 : Ammeter Signal - L/D : 1 - 0° 
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Figure 168 : Ammeter Signal - L/D : 1 - 15° 
 
Figure 169 : Ammeter Signal - L/D : 1 - 30° 
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Figure 170 : Ammeter Signal - L/D : 1 - 45° 
 
Figure 171 : Ammeter Signal - L/D : 1 - 60° 
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Figure 172 : Ammeter Signal - L/D : 1 - 75° 
 
Figure 173 : Ammeter Signal - L/D : 1 - 90° 
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Figure 174 : Ammeter Signal - L/D : 1 - Natural Convection 
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Table 29 : Average Time of Heating Cycles 
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Table 30 : Standard Deviation of Heating Cycle 
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Appendix F: Thermal Liquid Crystals Pictures 
 
Figure 175 : TLC - No Cavity, 0° 
203 
 
 
Figure 176 : TLC - No Cavity, 15° 
 
Figure 177 : TLC - No Cavity, 30° 
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Figure 178 : TLC - No Cavity, 45° 
 
Figure 179 : TLC - No Cavity, 60° 
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Figure 180 : TLC - No Cavity, 75° 
 
Figure 181 : TLC - No Cavity, 90° 
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Figure 182 : TLC - L/D : 3, 0° 
 
Figure 183 : TLC - L/D : 3, 15° 
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Figure 184 : TLC - L/D : 3, 30° 
 
Figure 185 : TLC - L/D : 3, 45° 
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Figure 186 : TLC - L/D : 3, 60° 
 
Figure 187 : TLC - L/D : 3, 75° 
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Figure 188 : TLC - L/D : 3, 90° 
 
Figure 189 : TLC - L/D : 1.5, 0° 
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Figure 190 : TLC - L/D : 1.5, 15° 
 
Figure 191 : TLC - L/D : 1.5, 30° 
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Figure 192 : TLC - L/D : 1.5, 45° 
 
Figure 193 : TLC - L/D : 1.5, 60° 
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Figure 194 : TLC - L/D : 1.5, 75° 
 
Figure 195 : TLC - L/D : 1.5, 90° 
213 
 
 
Figure 196 : TLC - L/D : 1, 0° 
 
Figure 197 : TLC - L/D : 1, 15° 
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Figure 198 : TLC - L/D : 1, 30° 
 
Figure 199 : TLC - L/D : 1, 45° 
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Figure 200 : TLC - L/D : 1, 60° 
 
Figure 201 : TLC - L/D : 1, 75° 
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Figure 202 : TLC - L/D : 1, 90° 
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Appendix G: Experimental Uncertainty  
 
The uncertainty in hot-wire probe position is a result of both the initial position uncertainty and 
the uncertainty in the traverse movement.  The hot-wire probe was initially positioned using 
calibrated feeler gauges to an 0.07mm, while the limit of the micro-stepping traverse provided a 
positioning accuracy of 0.02mm.  The total uncertainty in the probe position (Δy and Δz) is equal 
to ±0.09mm.  The uncertainty in the hot-wire velocities (Δu) was a combination of the 
uncertainties in probe calibration, voltage resolution, and temperature correction.   
The uncertainty calculation for a single sensor hot-wire probe in air provided by the 
manufacturer of the hot-wire is: 
∆𝑢
𝑢
= 2√∑ (
1
𝑘
∗
1
𝑢
∗ ∆𝑦𝑖)
2
 
 
Where k is the coverage factor for each source of uncertainty provided by the manufacturer.  
Using the equation above, and uncertainty value of 4% 
The uncertainty in the displacement thickness is a result of the uncertainty of both u and y, as 
shown below: 
 
 
Δ𝛿∗
𝛿∗
= √(2
Δ𝑢
𝑢
)
2
+ (
2 ∗ Δy 
𝛿∗
)
2
 
Δ𝛿∗
𝛿∗
= √(2 ∗ 0.04)2 + (0.02)2 = 8% 
 
 
Where the uncertainty in y is normalized by the displacement thickness, 𝛿∗, resulting in an 
uncertainty in the displacement thickness of 8%. 
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The uncertainty in the momentum thickness was a function of the uncertainty in both u and 𝛿∗ as 
shown below: 
 
 
Δ𝜃
 𝜃
= √(
Δ𝑢
𝑢
)
2
+ (
Δ𝛿∗
𝛿∗
)
2
 
Δ𝜃
 𝜃
= √(0.04)2 + (0.08)2 = 9% 
 
 
The uncertainty in the shape factor, H, was computed using the uncertainty in both 𝜃 and 𝛿∗: 
 
Δ𝐻
 𝐻
= √(
Δ𝜃
𝜃
)
2
+ (
Δ𝛿∗
𝛿∗
)
2
 
Δ𝐻
 𝐻
= √(0.08)2 + (0.09)2 = 9% 
 
The uncertainty in u* is a function of the uncertainty in u and 𝑐𝑓 is provided below: 
 
 
Δ𝑢∗
𝑢∗
= √(
Δ𝑢
𝑢
)
2
+ (
Δ𝑐𝑓
𝑐𝑓
)
2
 
Δ𝑢∗
𝑢∗
= √(0.04)2 + (0.05)2 = 6.5% 
 
 
The uncertainty in skin friction, 𝑐𝑓, was calculated using the uncertainty in the fit of the velocity 
data using Clauser’s method [27]. .  Using this method, an uncertainty in 𝑐𝑓 was observed to 
have a maximum of 5%.  Using the calculation above, the maximum uncertainty in u* was 
determined to be 6.5%. 
Using the uncertainty in both u and u*, the maximum uncertainty in 𝑢+ was found to be 7.6% as 
shown below: 
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Δ𝑢+
𝑢+
= √(
Δ𝑢
𝑢
)
2
+ (
Δ𝑢∗
𝑢∗
)
2
 
Δ𝑢+
𝑢+
= √(0.04)2 + (0.065)2 = 7.6% 
 
 
The maximum uncertainty in the corrected absolute viscosity was computed as one-half of the 
uncertainty in the temperature measurement.  The resulting maximum uncertainty in the 
corrected absolute viscosity was 0.5% 
 
 Δ𝜇
𝜇
=
1
2
(
Δ𝑇
𝑇
) =  
1
2
(0.01) =  0.5%  
 
The uncertainty in the kinematic viscosity, 𝜈, is a function of the uncertainty in the absolute 
viscosity, as well as the experimental uncertainties in the ambient pressure and temperature 
measurements. 
 
 
Δ𝜈
𝜈
= √(
Δ𝜇
𝜇
)
2
+ (
Δ𝑃
𝑃
)
2
+ (
Δ𝑇
𝑇
)
2
 
Δ𝜈
𝜈
= √(0.005)2 + (0.02)2 + (0.01)2 = 2.3% 
 
 
The resulting uncertainty in the kinematic viscosity was calculated to be 2.3%. 
 
Using the previously calculated uncertainty in probe position, y, the corrected absolute viscosity, 
𝜇, and the kinematic viscosity, 𝜈, the maximum uncertainty in 𝑦+ was calculated: 
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Δ𝑦+
𝑦+
= √(
2 ∗ Δ𝑦
𝛿99
)
2
+ (
Δ𝑢∗
𝑢∗
)
2
+ (
Δ𝜈
𝜈
)
2
 
Δ𝑦+
𝑦+
= √(0.002)2 + (0.076)2 + (0.023)2 = 7.9% 
 
 
The absolute probe position, y, was normalized by the boundary layer thickness 𝛿99 to provide a 
relative uncertainty. 
The uncertainty in the unsteady pressure measurements  
∆𝑅𝑆𝑃𝐿
𝑅𝑆𝑃𝐿
= √(
2 ∗ ∆𝑝
𝑝
)
2
 
∆𝑅𝑆𝑃𝐿
𝑅𝑆𝑃𝐿
= √(2 ∗ 0.08)2 = 16% 
The uncertainty in the unsteady pressure measurements  
Δ𝑞
𝑞
= √(
2 ∗ Δ𝑡
𝑡
)
2
+ (
Δ𝐴
𝐴
)
2
+ (
Δ𝑉
𝑉
)
2
 
Δ𝑞
𝑞
= √(3.3𝑥10−6)2 + (0.0625)2 + (8.5x10−4)2 = 6.2% 
The time (𝑡) uncertainty was divided by the total test time of 600 seconds, ampere measurement 
by the reading, and voltage from system. 
The uncertainty for the thermocouple measurements as described by the manufacturer of the 
HH506RA measuring device is 
∆𝑇
𝑇
= 0.4% 
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The uncertainty for the Nusselt calculations is a combined uncertainty of the measurements for 
temperature, effective length, and  power input 
Δ𝑁𝑢
𝑁𝑢
= √(
2 ∗ Δ𝑇
𝑇
)
2
+ (
2 ∗ Δ𝐿∗
𝐿
)
2
+ (
Δ𝑞
𝑞
)
2
 
Δ𝑁𝑢
𝑁𝑢
= √(0.004)2 + (0.18)2 + (0.062)2 = 0.4% 
